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Summary
SUMMARY
The objective of the cmxent work was to establish a viable manufactui'ing technology 
for 1-3 piezoelectric ceramic/polymer composites, capable of meeting the high volume 
production requhements. To tliis end, an extensive development and fabrication 
programme has been successfiilly completed, wliich demonstrates the feasibility of the 
injection moulding process as a potential fabrication route. The technology will make 
available to the MOD a new generation of low-cost transducers tailored to perform in 
the frequency range suitable for underwater applications.
The piezoelectric ceramic used throughout this study was PZT-5H. During the coui se 
of the investigation two types of feedstock formulation were evaluated. The first 
employed a binder system developed in-house based on polypropylene, 
microcrystalhne wax and stearic acid. The second formulation employed a commercial 
binder system designed specifically for ceramic/metal injection moulding. In the case 
of the ‘in-house’ binder, two formulations were prepaied with approximately 62% by 
volume PZT-5H but with differing ratios of polypropylene to microcrystalline wax. 
Tlii'ee formulations were prepaied with the ‘commercial’ binder system containing 
approximately 55%, 58% and 60% by volume PZT-5H respectively. Compounding by 
twin screw extrusion produced a feedstock consisting of discrete paiticles of PZT-5H, 
approximately 0.5 pm in diameter, homogeneously distributed witliin the organic 
binder.
All formulations displayed sheai* thinning behavioui* when evaluated by capillaiy 
rheometiy and had sheai* viscosities below 1000 Pa s at a sheai’ rate of 100 s"\ 
Fui’ther, all formulations displayed tension thinning behavioui* and were characterised 
as viscoelastic.
Attempts to produce an acceptable 1-3 preform moulding fr om feedstock based on the 
in-house binder system were unsuccessful. It was necessaiy to reduce the ceramic 
loading to 30% by volume before a complete 1-3 preform could be moulded. The 
failure to mould p^^forms from the in-house formulation was attributed to its high 
elongational viscosity. It was therefore concluded that an elongational viscosity of 30 
kPa s at a tensile strain rate of 58 s“^ is undesiiable for moulding this paiticular 
component. Satisfactory conditions were established for the production of 1-3 
preform mouldings from the commercial feedstock formulation containing 58% by 
volume PZT-5H. Optimisation of the injection rate and hold pressure was possible by 
investigating the variation in piUai* density across the 1-3 preform mouldings.
Satisfactory heating schedules for both the binder removal and sintering stages were 
established. Microstructuial characterisation of sintered pillais revealed grain sizes 
ranging from 2 to 7 pm in diameter. Orientation effects in the sintered microstructuie 
were not appaient in samples moulded at different injection rates.
The addition of cover plates to poled composites containing epoxy resin was found to 
increase the hydrophone figuie of merit (HFOM) by an order of magnitude. HFOM 
values measured duiing the present work for injection moulded 1-3 composites are 
compaiable with similar composites fabricated by the dice-and-fill technique.
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Introduction
CHAPTER ONE 
INTRODUCTION
1.1 Bacl^round information
It is likely that SONAR (Sound Navigation and Ranging) will remain the Navy’s 
principal method of detection for the foreseeable hiture. For passive SONAR sensors 
(hydrophones), cost will become an important factor as arrays of a larger number of 
sensors (often in excess of 10 000) are developed to provide increased detection ranges 
for futur e Royal Navy surface ships and submarines. Consequently, areas of existing and 
emerging research are now directed towards the most cost effective engineering and 
materials solutions to provide affordable large area arrays.
The current limiting factor for naval hydrophones is the design of the piezoelectric 
component, which is used to convert the incoming acoustic pressure wave to an 
electrical signal. During the late 1960’s, ferroelectric ceramics from the lead ziiconate- 
lead titanate solid solution series (PZT) were established as the principal transducer 
material for all SONAR applications. The use of monolithic PZT, however, has two 
inherent problems associated with it. The high level of lateral coupling vastly reduces 
the hydrostatic sensitivity, whilst the high density makes the material a poor choice for 
lai'ge area arrays.
Hence, conflicting goals in optimum physical and electromechanical properties for 
transducers led researchers to look at composite materials. Composites of piezoelectric 
ceramics and polymers have been formed which combine the desired piezoelectric 
sensitivity of the ceramic with the low density and flexibility of the polymer. In 
particulai', 1-3 piezoelectric ceramic/polymer composites have been identified as being 
the most promising candidates for future SONAR applications, where the requirement is 
either for lai'ge area passive arrays or medium to high fi'equency acoustic imaging 
systems.
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Typically, 1-3 composites consist of active piezoelectric ceramic pillars embedded in a 
passive polymer matrix, as shown schematically in Figure 1.1. The pillars are continuous 
in one direction, whilst the polymer phase is self-connected in all three dimensions, hence 
the 1-3 description. Their application, however, has been limited by the lack of a viable 
manufacturing technology, capable of meeting both the low cost and high volume 
production requirements.
Figure 1.1: Schematic representation of a 1-3 piezocomposite, consisting of an array
of piezoelectric ceramic pillars in a continuous polymer matrix
The original 1-3 composites were fabricated by hand-aligning extruded PZT rods in a jig 
and encapsulating them in epoxy resin, followed by lapping to the appropriate thickness. 
A simpler approach to fabrication is known as the dice-and-fill method, whereby a block 
of PZT is diced using a diamond saw to form the active pillars and later back-filled with 
the polymer. Although this technology has been widely exploited in high frequency 
imaging arrays, the manufacturing cost has in the past precluded 1-3 composites from 
large area arrays.
More recently, novel injection moulding techniques have been applied to 1-3 composites. 
Currently this technology is limited to one supplier. Materials Systems Inc., 
Massachusetts, USA. In this process, shown schematically in Figure 1.2, ceramic 
preforms containing hundreds of rods are injection moulded on conventional equipment.
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Injection moulding involves substantial tooling costs but offers a lower per-unit 
production cost for high volume production. With a large area array having typically 
10 000 of the same hydrophone type, production costs would be much reduced.
Compound Cold Mould
Polym er
C eram ic
Pow der T herm o
plastic
Mix
1
Part Solidified and Ejected Injection Moulding
Figure 1.2: Schematic of the injection moulding process
1.2 Aims of present research
The present work forms part of a much larger, comprehensive study on the subject of 1- 
3 piezoelectric ceramic/polymer composites instigated by DERA. The study aims to 
validate the models proposed for 1-3 composites, provide an indication of practical 
design limits and to investigate large-scale manufacturing techniques.
The primary aim of the present research was to demonstrate the capability to fabricate 
1-3 piezoelectric ceramic/polymer composites by injection moulding. For injection 
moulding to gain acceptance as a viable fabrication route, however, the composites 
fabricated during the present work had to be of a similar quality to those fabricated by 
the established dice-and-fill technique.
Introduction
The injection moulding stage is only one step in the production of 1-3 composite 
transducers. The production process consists of a number of essential stages, each 
reliant upon the previous stage, as illustrated by Figure 1.3.
CERAMIC
PREFORM
1-3 COMPOSITE 
FABRICATION
POLING
SINTERING
EVALUATION
ELECTRODING
COMPOUNDING
BINDER REMOVAL
MATERIALS SELECTION
INJECTION MOULDING
ADDITION OF 
POLYMER MATRIX
Figure 1.3: Process route for the fabrication of 1-3 piezoelectric ceramic/polymer 
composites by injection moulding
Each stage in the fabrication route had a number of technical aims that had to be met 
before the process could be successfully demonstrated. The most significant of these 
were the development of a polymeric binder that would accept a relatively high
Intt'oduction
concentration of ceramic powder and still maintain the rheological properties necessary 
for injection moulding.
1.3 Structure of thesis
Following a review of the technical literature in Chapter 2, the subjects covered by the 
remaining chapters broadly follow the scheme of Figure 1.3.
The granulated mixture of ceramic powder and binder used in ceramic injection 
moulding is termed the feedstock. The factors that contribute to the formulation of a 
successhil feedstock, including powder characteristics, binder composition and the 
compounding technique, are covered in Chapter 3 under the heading ‘Feedstock 
preparation’.
The characterisation of the feedstock, in terms of its rheological behaviour, is presented 
in Chapter 4. An understanding of the rheology of concentrated suspensions and the 
measui ement of rheological pai*ameters provides an indication as to how the material will 
behave duiing injection moulding.
Chapter 5 is devoted to the injection moulding process. The subjects covered include: 
initial moulding trials, fabrication of the mould, the problems presented by the mould 
geometry and the methodology adopted to overcome them and process optimisation.
The removal of the organic binder and the subsequent sintering process are covered in 
Chapter 6.
The remaining stages in the fabrication of 1-3 piezoelectric ceramic/polymer composites, 
such as poling, addition of the polymer matrix and electroding, ai e covered in Chapter 7. 
This chapter also covers the evaluation of the composites for hydrophone application.
The conclusions of the present work, together with suggestions for hituie work, are 
given in Chapter 8.
Literature Review
CHAPTER TWO 
LITERATURE REVIEW 
2.1 Introduction
The following review begins with the subject of piezoelectric ceramics, wliich covers the 
concept of ferroelectricity in polyciystallme materials, the piezoelectric constants and 
lead ziK«îiate titanate (PZT). This is followed by a section on piezoelectric 
ceramic/polymer composites. The idea of connectivity is introduced together with an 
overview of 1-3 composites and their design paiameters. The fabrication techniques for 
1-3 composites aie then discussed, including technologies emerging under the collective 
banner of solid freeform fabrication.
2.2 Ferroelectric ceramics
2,2.1 Piezoelectricity in ferroelectric ceramics
Piezoelectricity is defined as the ability of a material to develop an electrical charge in 
response to an applied mechanical stress. The piezoelectric response may be either 
dfrect or converse. In the dfrect piezoelectric response, the electrical polarisation is 
proportional to the stress applied to the material. The converse effect is observed when 
an applied electric field produces a mechanical strain (Jaffe et a l, 1971).
Piezoelectricity cannot exist unless the material lacks a centre of symmetry, whereby a 
net movement of the positive and negative ions with respect to each other (as a result of 
the stress) produces electric dipoles i.e. polarisation. All crystals can be divided into 32 
different classes, or point groups, based on the symmetry of the unit cell. Of the 32 
classes, 20 aie piezoelectric (Figure 2.1).
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Symmetiy 
Point Groups
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Piezoelectric 
Polaiised under stress
10
Pyroelectric 
Spontaneously polarised
Subgroup 
Ferroelectric 
Spontaneously polarised 
Polarisation revei’sible
Figure 2.1 : Interrelationship of piezoelectric and ferroelectric materials
Of the 20 crystal classes that are piezoelectric, 10 possess the characteristic of being 
permanently polarised within a given temperature range and are designated as 
pyroelectric. Unlike the piezoelectric classes that produce a polarisation under stress, 
the pyi'oelectrics develop this polarisation spontaneously and form permanent dipoles in 
the structure. This polarisation also changes with temperature, hence the term 
pyroelectricity.
A subgroup of the spontaneously polarised pyroelectrics is a category of materials 
known as ferroelectrics. Similar to pyroelectrics, materials in this group possess 
spontaneous dipoles. Unlike the pyroelectrics, however, these dipoles are reversible by 
an electric field. Thus, the two conditions in a material necessary to classify it as 
ferroelectric ar*e (1) the existence of spontaneous polarisation and (2) a demonstrated 
reorientation of the polarisation.
Ceramics of ferroelectric crystals have random orientation and are not piezoelectric as 
sintered. The ceramic may be made piezoelectric in any chosen direction by applying a 
strong electric field. The process of applying such a field is called poling and is
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analogous to the poling of a permanent magnet by applying a magnetic field. During 
poling there is a small expansion of material along the poling axis and a slight contraction 
in both diiections perpendiculai" to it. When the field is removed the dipoles remain in 
approximate alignment, giving the ceramic a remnant polarisation. The ferroelectric 
properties exist up to a critical temperature, known as the Cui'ie temperature, above 
which the ceramic becomes depolarised.
The relationship of ferroelectrics as a subgroup of piezoelectrics (Figui e 2.1) implies that 
all ferroelectrics (poled) are piezoelectric, but not all piezoelectrics are ferroelectric. For 
a polycrystalline body to exhibit piezoelectricity, however, the material must also be 
ferroelectric. Thus piezoelectric ceramics are, in practice, poled fen’oelectric ceramics.
2.2.2 Piezoelectric constants
The process of poling ferroelectric ceramics renders them anisotropic. Their physical 
constants (elasticity, permittivity, etc.) are, therefore, tensor quantities and relate both to 
the direction of the applied stress, electric field, etc. and to the dfrections perpendicular 
to these. For this reason the piezoelectric constants are generally given two subscript 
indices which refer to the direction of the two related quantities (e.g. stress and strain for 
elasticity, displacement and electric field for permittivity). A superscript index is used to 
indicate a quantity that is kept constant.
It is the accepted convention to allow the direction of positive polarisation to coincide 
with the Z-axis of an orthogonal co-ordinate system X, Y, Z. If the dfrection of X, Y 
and Z aie represented by 1, 2 and 3 respectively and the sheai’ about these axes by 4, 5 
and 6 respectively, the vaiious constants may be wi’itten with reference to these (Figure 
2.2). The axis, wliich is perpendicular to the electrodes attached to the sample (i.e. the 
direction of the applied field), is indicated by the fiist subscript; the second subscript 
indicates the diiection of the relevant stress or strain (Waanders, 1991). For example:
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1
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Figure 2.2; Designation of axes and directions of deformation
Piezoelectric charge constant d
The piezoelectric chai'ge constant is defined as the electric polarisation generated in a 
material per unit mechanical stress applied to it (C N'^). Alternatively, it is the 
mechanical strain experienced by the material per unit electric field applied to it (m V'^). 
For example:
d33 is the induced polarisation in diiection 3 per unit applied stress in
direction 3, or the induced strain in direction 3 per unit electric field in 
diiection 3
d3i is the induced polaiisation in direction 3 per unit applied stress in
diiection 1, or the mechanical strain induced in the material in direction 1 
per unit applied electric field in direction 3.
Piezoelectric voltage constant, g
The piezoelectric voltage constant is defined as the electric field generated in a material 
per unit mechanical stress applied to it (Vm N’^ ). Alternatively, it is the mechanical
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strain experienced by the material per unit dielectric displacement applied to it (m  ^C '). 
For example:
g3i is the induced electric field in diiection 3 per unit stress applied in
diiection 1, or the mechanical strain induced in the material in dkection 1 
per unit electric displacement applied in direction 3. 
gis is the induced electric field in direction 1 per unit shear stress applied
about axis diiection 2, or the shear* strain induced in the material about 
axis 2 per unit dielectric displacement applied in direction 1.
Permittivity, s
The permittivity is defined as the dielectric displacement per unit electric field. The first 
subscript gives the direction of the dielectric displacement, the second gives the dii ection 
of the electric field. For example:
is the permittivity for the dielectric displacement and electric field in 
direction 1 under conditions of constant stress.
is the permittivity for the dielectric displacement and electric field in 
dii ection 3 under conditions of constant strain.
Compliance, s
The compliance is defined as the strain produced per unit stress (the reciprocal of the 
elastic modulus). The first subscript refers to the direction of strain, the second to the 
direction of stress. For example:
is the compliance for a stress and accompanying strain in direction 1 
under conditions of constant electric field.
is the compliance for a sheai* stress about axis 3 and accompanying strain 
in direction 3 under conditions of constant dielectric displacement.
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Coupling factor, k
The coupling factor is a measure of the effectiveness with which electrical energy is 
converted to mechanical energy and vice versa. It is related to the other piezoelectric 
constants by the following equation:
The necessary subscripts should be added as appropriate for the particular mode under 
consideration, using the convention described above.
2.2.3 Lead zirconate titanate
Lead zirconate and lead titanate form a complete series of solid solutions. These 
materials are referred to generically as PZT. PZT adopts various crystalline forms 
depending on composition and température (Jaffe et a l, 1971). As with most technical 
ceramics, the processing of PZT is exacting and critical to its performance. The 
problems involved in balancing densification with grain growth are compounded in PZT 
by the volatility of PbO. Densification, grain growth and evaporation rates all increase 
with increasing temperature. In order to miniinise lead loss, pieces are sintered in closed 
crucibles containing a PbO rich atmosphere (Atkin and Fukath, 1971; Holman and 
Fulrath, 1972; Kingon and Clark, 1983a; Kingon and Clark, 1983b; Snow, 1973a; Snow, 
1973b). This is discussed in more detail in Chapter 6.
Typical material parameters quoted for commercially available PZT compositions are 
given in Table 2,1.
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Table 2.1; Typical electromechanical properties of PZT (Morgan-Electroceramics, 
1998)
Material parameter PT2* PZT-4D PZT-5A PZT-5H
Piezoelectric charge constant, d  
(x lO '")(m V ' orClSr')
ds3 68 315 374 593
d s i -3 -135 -171 -274
d i s 70 - 585 741
Piezoelectric voltage constant, g  
(xlO ") (VmN-‘ or C)
g33 37 24.6 24.8 19.7
gj/ -2 -10.5 -11.4 -9.1
g iS 34 - 38.2 26.8
Coupling coefficient, k ks3 0.54 0.68 0.71 0.75
k s i <0.02 -0.33 -0.34 -0.39
k i s 0.36 0.60 0.69 0.68
Permittivity, e 
(xlO-®) (F m ')
4 0.19 1.15 1.51 3.01
4 0.21 1.31 1.53 -
Curie temperature (°C) 255 320 365 195
Density (kg m'^) 6900 7600 7700 7450
* Modified lead titanate
For underwater applications it is important that the performance of the transducer is 
determined under hydrostatic pressure. The important parameters imder hydrostatic 
conditions are the hydrostatic piezoelectric strain coefficient, du (m V'*) which describes 
the polarisation resulting fi'om hydrostatic stress, where:
dh — d^2 +  2.2
and the hydrostatic piezoelectric voltage coefficient, gh (Vm N'^) which relates the 
electric field appearing across a transducer to the applied hydrostatic stress and is related 
to dh by :
g;,
®33
2.3
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Under hydrostatic conditions, therefore, PZT ceramics have a low piezoelectric response 
because the contributions from d33 and d3i are opposite in sign and c/ü « 
Fuithermore, the relatively high permittivity of PZT lowers gh.
Composites of PZT and a polymer phase were developed in an attempt to decouple the 
d33 and d3i coefficients and lower the permittivity, resulting in improved values of dh and 
gh (Klicker et a l, 1981; Newnham et a l, 1980; Newnham et a l, 1978; Skinner et a l, 
1978).
2.3 Piezoelectric ceramic/polymer composites
2.3.1 Connectivity
The connectivity of a composite is defined as the number of dimensions in which each 
component phase is continuous. The concept was proposed by Newnham et al (1978) 
and latter modified by Pilgrim et a l (1987). Each phase in a composite may be 
connected in zero, one, two or three dimensions. For a composite containing two phases 
there are sixteen connectivity patterns: 0-0, 0-1, 0-2, 0-3, 1-0, 1-1, 1-2, 1-3, 2-0, 2-1,2- 
2, 2-3, 3-0, 3-1, 3-2, 3-3, In this convention the first digit refers to the active 
(piezoelectric ceramic) phase, while the second digit refers to the passive polymer phase. 
For example, a composite with 0-3 connectivity consists of discrete particles of 
piezoelectric ceramic embedded in a polymer matrix (Dias et a l, 1993; Fries and 
Moulson, 1994; Levassort et a l, 1998). In a 3-3 composite, each of the constituent 
phases is continuously self-connected in three dimensions (Skinner et a l, 1978). 
Composites with 1-3 connectivity, which typically consist of piezoelectric pillars 
embedded in a polymer matrix, have received the most scientific and commercial interest. 
Such composites are the subject of the present study and are discussed in more detail 
below.
2.3.2 Composites with 1-3 connectivity
For the case of 1-3 composites, if the polymer phase is more compliant than PZT, 
compressive stress on the polymer in the 3 direction is transferred to the PZT pillars.
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That is, as the volume fraction of PZT decreases, the stress on the pillais increases 
proportionally, so that charge per unit area of the composite is constant. In the 1 and 2 
directions, there is no such transfer of stress from polymer to PZT because of series 
connection. Therefore, dsi is expected to decrease linearly with volume fraction. If, as 
the volume fraction of PZT is decreased, d3i decreases without substantial effect on dis, 
then db will be increased. Also, since the dielectric constant of the composite in the 3 
direction is expected to decrease linearly with volume fraction, gj, will be enhanced. 
Based on these principles, 1-3 composites have been shown to offer significant 
advantages for hydrophone application, including high receiving sensitivity, low density 
and thus an improved impedance matching with sea water.
2.3.3 Design parameters
In the drive to find optimum composites, that maximise the hydrophone characteristics, a 
number of design parameters have been identified. Unidimensional (1-D) theories have 
provided the foundation for understanding the operation of 1-3 connectivity composites 
and have provided the basis for many subsequent transducer designs (Smith, 1993; Smith 
and Auld, 1991). Finite element modelling has been used to validate the 1-D approach 
and highlight potential weaknesses (Bennett and Hayward, 1997; Hayward et a l, 1995). 
The behaviour, and hence design for a specific application, depends critically on the form 
and distribution of the constituent materials. Key design parameters identified include 
the volume fraction of ceramic in the composite, the spatial scale of the ceramic pillars 
and the mechanical properties of the polymer matrix (Gibiansky and Torquato, 1997; 
Smith, 1990; Smith, 1991; Smith, 1994), For example, the volume fr action of ceramic in 
the composite can control sensitivity, bandwidth and operating frequency, while pillar 
geometry (shape and separation) exerts considerable influence over the transducer modal 
response and ultimately, efiflciency. The compliance of the polymer matrix determines 
the stress amplification on the ceramic pillars under hydr ostatic conditions. Smith (1991) 
was the fir st to propose that an even greater enhancement in hydrophone characteristics 
could be achieved by using polymer matrices with negative Poisson's ratio. For such a 
composite, the transverse load on the polymer matrix will lead to a contraction of the 
polymer in the axial direction, thus increasing the load on the ceramic pillars and 
increasing the hydrophone sensitivity. Avellaneda and Swart (1998), using an “effective
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medium” approach, demonstrated that the stiffiiess and Poisson's ratio of the polymer 
matrix play a crucial role in enhancing hydrophone performance. While modelling has 
illustrated the effects of polymer and ceramic composition and design geometry, 
experimental data to support these trends remains poorly documented.
2.4 Fabrication techniques for 1-3 composites
2.4.1 Overview
A comprehensive review of the fine-scale processing of piezoelectric ceramic/polymer 
composites was undertaken by Janas and Safari in 1995. They listed twelve techniques: 
rod placement, dice-and-fill, lost mould, injection mouldmg, the relic process, tape 
lamination, dielectrophoresis, laser or ultrasonic cutting, jet machining, fibre processing, 
reticulation and co-extrusion. Of these twelve methods, only a few aie commercially 
important and/or have been developed further over the intervening five years since the 
review. Only the dice-and-fill technique and injection moulding have been considered for 
the lai'ge-volume production of 1-3 composite hydi'ophones.
A subsequent review by Safaii et a l in 1997 introduced the technology of solid fi ee form 
fabrication (SFF), which was just beginning to emerge fiom the techniques known 
collectively as rapid prototyping (RP). Originally, RP was used to assess the form, fit 
and functionality of a design before significant investment in tooling was made. Parts 
made by RP could be used to make moulds or tooling for the subsequent production of 
actual components. More recently, the adaptation of these techniques to produce parts 
dii ectly has emerged. These ai e termed ‘dkect’ SFF processes whereas the use of RP to 
create a positive fi*om which to make a negative mould is termed ‘indhect’ SFF (see 
Figuie 2.3). Although still in the early stages of development, the SFF processes are 
interesting as they offer the possibility of more flexible processing options.
Literature Review 16
Indirect Route Direct Route
Polymer 
Mold Green 
Structure» «^1 Slurry 
Infiltration
Heat 
Treated
Composite
Figure 2.3: Schematic comparing diiect and indirect SFF routes
(after Safari et a l, 1997)
SFF processes requiie input from a 3D solid CAD model, usually as slices. The designer 
first uses a CAD package to design the product to be manufactured. This model is then 
tessellated and exported as an STL file, which is the current industry standard for 
facetted models. If supports aie necessaiy to brace any overhangs, proprietary software 
may add these to the models. It is then sliced and the slices sent to the SFF device for 
production as a physical pait. By convention, the data slices are said to be in the X-Y 
plane and the part is built in the Z dfrection.
Following sections on the competing production techniques of dice-and-fill and injection 
moulding, the remainder of the review will focus on the technologies emerging within the 
RP/SFF grouping. The technologies covered were selected in terms of their ability to 
produce a ceramic green body and, ultimately, for then potential as fabrication 
techniques for 1-3 piezoelectric ceramic/polymer composites.
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2.4.2 Dice-and-fill technique
In the dice-and-fill technique, shown schematically in Figuie 2.4, a series of parallel cuts 
are made into a block of sintered ceramic. After the first series of par allel cuts are made, 
the block is rotated 90*, and a second series of orthogonal cuts ai’e made. The rows of 
pillars, still attached to the ceramic base, are backfilled with polymer. The base is 
subsequently removed by a lapping operation.
F irst D ice 
 ^
(a)
C e ra m ic
S e c o n d  Dice 
\ \ \
P o ly m er
(d)
(b)
(c)
Figure 2.4: Dice and fill method of forming 1-3 piezocomposites
(After Janas and Safari, 1995)
The dice-and-fill method does not have any significant tooling costs compared to the. 
injection moulding technique, although the initial capital investment of the dicing saw is 
large. For square ceramic pillars and a fixed pillar distribution, the production time can 
be as short as with injection moulding. Pillais as small as 100 pm may be routinely 
formed with fine scale dicing using blades as fine as 25 pm. It is recognised tliat the 
processing of dense, fine-grained ceramics is important to enable fine scale pillais to 
survive the dicing process. There is also a giain size dependence on piezoelectric 
properties and it is necessary for the grain size to be grater than 5 pm if it is to be multi­
domain and have both high permittivity and polarisation. Thus, the lower limit of pillar
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size is probably determined more by mechanical strength than electrical properties. 
Modelling has shown that there is little to be gained, especially considering the extra time 
and cost, by deviations horn square pillar s or from having a non-uniform distribution of 
pillar's (Fitzmaurice, 1998).
2.4.3 Injection moulding
The injection moulding technique forms the basis of the present work and a review of the 
technical literatur e relevant to the process of ceramic injection moulding is given in the 
proceeding chapters.
A number of papers, repor*ts and at least one patent on the subject of injection moulding 
1-3 piezoelectric ceramic/polymer composites have been published by Materials Systems 
Inc. (MSI), Concord, Massachusetts, USA (Bowen et ah, 1996; Fiore et a l, 1997; 
Gentilman et a l, 1996; Gentilman et a l, 1995; MSI, 1993; MSI, 1994a; MSI, 1994b; 
MSI, 1994c; MSI, 1994d; MSI, 1995). With funding from the United States Office of 
Naval Resear ch (CNR), MSI demonstrated that ceramic injection moulding is capable of 
fabricating 1-3 and 2-2 composites for Naval and commercial applications. Claims are 
made for pillar' dimensions as low as 100 pm for 1-3 composites and element widths as 
low as 22 pm for 2-2 composites fabricated by injection moulding (MSI, 1995). 
Throughout 1993-94, MSI pursued commercialisation of their process. MSI remain the 
sole supplier of injection moulded 1-3 composites to both the American and European 
market.
2.4.4 Solid freeform fabrication techniques
2.4.4.1 Fused deposition of ceramics
In this technique the ceramic is mixed with a polymeric binder system then extruded to 
produce filaments which are the feedstock for a commercial fused deposition modelling 
system. The feedstock is fed to a heated, moving head (liquifier) where it is heated to
0.5°C above its melting point so that it solidifies approximately 0.1 s after extrusion and 
cold welds to the previous layer. Each layer is laid down as ‘roads’ of material under the 
control of an X-Y positioning device. After the layer has been completed the platform is
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lowered and the next layer is laid down (see Figure 2.5). Factors to be taken into 
consideration are the necessity for a steady nozzle speed, the material extrusion rate and 
the speed of the head, which affects the overall layer thickness.
Machines are available commercially from Stratasys Inc., Minneapolis, USA. A typical 
stand alone machine measures 660 x 914 x 1067 mm and weighs around 160 kg. The 
build chamber in such a system measures 254 x 254 x 254 mm. The system deposits 
approximately 380 mm of material a second, produces layer thicknesses of 50-762 pm 
and has an accuracy of ± 127 pm.
CAD File of Part
liqucfier
Computer
conirolled
platform
1. Filament prepared with ceramic or metal powder 
and thermoplastic binder
2. CAD model of part is sliced into layers
3. Filament melted and extruded layer by layer 
•Layer thickness is typically 0.010 inch thick (thinner 
slices improve definition with 
increased fabrication time)
Each layer is built by 
depositing "roads" 0.02 
inches wide
Figure 2.5: Schematic of the FDC process (after Gadaska et al., 1999)
Researchers at Rutgers University, led by Prof. Stephen Danforth, have made the most 
significant efforts in FDC. The more recent work on piezoelectric materials has 
concentrated on composites with 1-3 and 2-2 connectivity, for ultrasonic imaging in 
medical applications. The feedstock was prepared by mixing 52-60 vol% PZT powder 
(coated with 1 wt% stearic acid in acetone to disperse agglomerates) with a four 
component binder system comprising: amorphous polyolefin (base binder), hydrocarbon 
resin (tackifier), partially crystalline polyolefin (reduces viscosity and adds stifi&iess) and 
low molecular weight polyolefin (adds flexibility). The material is compounded at 150- 
160*C, granulated and extruded to give filaments 1.78 ±0.01 mm in diameter. The roads 
were laid down using a Stratasys 3D Modeler^"  ^with the liquifier maintained at ~140°C
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and the surrounding envii'omnent at 30-40*C. The build pai’ameters depend on the 
precise component to be made. Some examples aie given in Table 2.2
Table 2.2: Examples of PZT components made by Rutgers University using FDC
Component Nozzle
diameter
(pm)
Road width 
(pm)
Spacing 
between 
roads (pm)
Layer
thickness
(pm)
Reference
Flat 2-2 
ceramic- 
polymer 
transducer
508 508 1270 254 Lous et a l, 2000
Curved 2-2 
ceramic- 
polymer 
transducer
355 330 762 127 Lous et a l, 1998
Staggered 
rod 1-3 
ceramic- 
polymer 
composite
350 In each row: 350 pm wide square rods, separated by 
450 pm, i.e, 800 pm centre- 
to-centre sepaiation; next 
row offset by 400 pm
250 Safari and Danforth, 
1998
The rheological properties of the feedstock aie cleaily crucial in determining build 
pai'ameters and the processing paiameters have to be optimised for each component. 
Improvements in the binder fomiulation (McNulty et a l, 1999) have enabled researchers 
at Rutgers to decrease the nozzle size from 500 pm to 350 pm, which has enabled finer 
scale structui’es to be built at the expense of an increase in build time.
The limits of the technique are controlled by feedstock rheology, wliich ultimately 
determines the minimum road size. Fuither, the road of extrudate does not have a 
square or rectangular cross-section but is wider in the centre than at the top or bottom. 
Lous et a l (2000) report maximum and minimum green state road widths of 
553 ± 24 pm and 391 ± 34 pm, respectively, for a set nozzle size of 508 pm. These 
values translate to 426 ± 13 pm and 311 ± 26 pm in the sintered body. Decreasing this 
value is reported to be a main concern. Tailoring the feedstock rheology may provide a 
solution.
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Lous et a l (2000) also report that, as with other SFF techniques, the shrinkages on 
sintering are anisotropic. The shrinkage perpendicular to the road direction (Y and Z) 
(20%) were lar ger than the shrinkage in the dir ection of the road (X) (16%), but this can 
be accounted for in the original CAD design and can be used to obtain finer features.
2.4.4.2 Direct ceramic ink jet printing
There are two basic types of direct ceramic ink jet printing (DCIJP), namely continuous 
and drop-on-demand. In continuous ink jet printing the ink is pressurised to produce a 
jet through a fine nozzle. A pressure wave is superimposed on the jet to cause it to 
break into droplets. These are individually charged as they pass between electrodes. 
This charge enables them to be deposited at pre-determined positions by deflection by a 
high voltage electric field. In drop-on-demand printing, the printing head is moved 
mechanically to the correct position and then a piezoelectric actuator generates a 
pressur e pulse which forms a droplet of ink.
Currently, the major limitation in DCIJP is the ability to produce inks that meet the 
stringent requirements of the process and still give a green body of sufficient quality to 
sru'vive subsequent processing. Work on inks for continuous printing using a modified 
version of a Biodot Ltd. Microdoser has shown that it is necessary for the ink to have a 
conductivity of -100 mS m"\ a viscosity of <10 mPa s and a surface tension of 
-25 mN m"\ This limits the amount of ceramic that can be contained within the inlc.
Mott et a l (1999) used a multlnozzle, diop-on-demand IBM 3852/2 Colorjet printer to 
create a fine arTay of zirconia pillar s approximately 350 pm tall, with diameters ranging 
fi'orn approximately 300 pm at the base to 100 pm at the tip. The printer possessed 
four nozzles, each with a diameter of 65 pm. Each pillar' was the result of multiple 
registration of droplet upon droplet. The pillars were supported during fabrication by 
the use of a fugitive carbon ink. Windle and Derby (1999) have used an Epson Stylus 
500C to print with a dilute aqueous suspension of PZT. They produced twenty layers at 
a printer resolution of 360 dots-per-inch. Problems with drying the layers prevented 
further overprinting but this could be rectified by the use of heaters. Reports on the use 
of DCIJP in the fabrication of 1-3 composites, therefore, seem lilcely in the near future.
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2 4.4.3 Three dimensional printing
Three dimensional printing was developed at Massachusetts Institute of Technology 
(MIT). Layers of powder are applied to a substrate and selectively joined using a binder 
applied via a nozzle in a printing process. The substrate is then lowered, another layer of 
powder is spread over the surfece and the process repeated until the part has been 
completed. Parts made using this process do not require supports to brace overhanging 
features. They do, however, need to include a hole from which excess powder can 
escape, allowing the creation of internal features. After removal from the powder bed, 
the part may be iso statically pressed before the binder is removed and the part is sintered. 
The process is shown schematically in Figure 2.6.
•iu
Spread powder
0
m . u
Prin t layer
Repeat cycle
y «%
Drop piston
WZ
Interm ediate stage Last layer printed Finished part
Figure 2.6: Schematic o f the three dimensional printing process developed at MIT
(source: http://web.mit.edU/afs/athena.mit.edu/org/t/tdp/www/whatis3dp.htmn
The resolution of the process is dependent upon the size of the powder grains and the 
binder droplets, the accuracy of the placement nozzle and the way the binder diftuses 
through the powder due to capillary action. The layer thickness is affected by the 
compression of the powder due to the weight of subsequent layers. A typical machine 
has a build chamber measuring 355 x 457 x 355 mm, a layer thickness of 177 pm, a
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resolution of 508 pm and an accuracy of ± 127 ^m. The build speed is 18-25 mm h ' 
(Pham and Gault, 1998).
2.4.4.4 Selective laser sintering
Selective laser sintering (SLS) employs a laser to scan an area of loose powder, which is 
to form the layer of the build. In the formation of ceramic articles, the ceramic powder is 
coated with a polymer binder. A CO2 laser of power in the range 25-50 W, melts the 
binder causing the particles to be bonded together when the binder re-solidifies. Another 
layer of loose powder is spread on top of the bonded layer and the process is repeated, 
as shown in Figure 2.7. On completion, the part is removed from the loose powder and 
sintered.
C O 2 C W  LaserR oller / S preader
L oose
P ow der
Sintered
Shape
Pan
C ylinderFeedC vlinder
Figure 2.7: Schematic of the selective laser sintering process
(after Jakubenas et a l, 1998)
The build chamber of a typical SLS machine has dimensions 330 x 380 x 425 mm. The 
layer thickness is 76 pm with an accuracy in the horizontal plan of ± 51 pm. The build 
speed is 12-25 mm h'^  (Pham and Gault, 1998). The minimum wall thickness depends on 
the laser spot size, speed and power. Walls of 0.5-0.7 mm have been achieved (Klocke 
e ta l,  1995).
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2.4.4.5 Stereolithography
In stereolithography (SL), the part is constructed by exposing liquid photosensitive resin 
to ultraviolet (UV) light. In order to build ceramic parts, the resin is replaced by a 
photocurable ceramic suspension, which typically contains an acrylate monomer system 
with photoinitiator. When light of an appropriate wavelength exposes the suspension, 
the monomer rapidly polymerises to a solid. In order for the green body to have 
sufficient structural integrity, the solid loading of the suspension needs to be at least 
50%.
The part is built on a platform which is mounted in a vat of the suspension. The first 
layer of the part is imaged on the surface of the suspension using a UV helium-cadmium 
or argon ion laser. The laser first scans the periphery of the layer and then crosshatches 
the interior to create a solid section, as shown in Figure 2.8. Once a layer is formed, the 
build platform is lowered such that the laser can scan a layer of fresh suspension. On 
completion of the final layer the platform is raised and the finished part is removed from 
the device. As with SLS, vents and drains must be included to allow the resin to drain 
from internal features.
X-Y sc a n n e rshapinglaser
support
polymerized model
liquid monomer—.1
Figure 2.8: Schematic of the stereolithography process
(after Griffith and Halloran, 1996)
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The minimum feature size in the Z direction is governed by the layer thickness and in the 
X-Y directions by the width of the cured line. The depth of cure {Ccd) is given by 
(Griffith and Halloran, 1996):
In—  2.4d i
A
where d  is the size of the ceramic particles, (f> is the volume fraction of ceramic in the 
suspension, E  and Ec are the laser exposure on the resin surface and the critical exposure 
of the resin (energy below which polymerisation does not take place) at the laser 
wavelength respectively, no is the refractive index of the monomer. An is the difference in 
refr active index of the monomer and the ceramic particles and A is the wavelength of the 
laser radiation.
The X-Y resolution is deteimned by the laser spot size and the degree of spreading due 
to side scatter. Chu et a l (1999) report that 700 pm strings are created from a 200 pm 
spot size laser when scanning hydroxyapatite. Cuie depths are 100-300 pm for the same 
laser on silica, alumina and hydroxyapatite.
Indirect SL is used to form moulds, which are then used to cast components with finer 
featur-es or from materials with higher refractive indices than can be accommodated by 
direct SL, such as PZT.
2.5 Concluding remarks
This review has considered a range of fabrication techniques that ar e, or could be, used 
to manufacture 1-3 piezoelectric ceramic/polymer composites. Of the SFF techniques 
covered, only firsed deposition of ceramics has been used to produce 1-3 composites to 
date, although there is no reason why the other techniques should not be used. In
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particular, direct ceramic ink jet printing has already demonstrated the ability to form a 
green body consisting of an array of fine-scale ceramic pillar s and, in a separate study, 
the ability to print with a suspension of PZT,
Large-scale production of 1-3 composites by SFF techniques is not, at present, cost 
effective, and they remain prototyping tools. The only serious contenders for high 
volume production remain the dice-and-fill technique and injection moulding.
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CHAPTER THREE 
FEEDSTOCK PREPARATION
3.1 Introduction
The granulated mixture of ceramic powder and binder used in injection moulding is 
termed the feedstock. The factors that contribute to the formulation of a successful 
feedstock include powder chaiacteristics, binder composition and the compounding 
technique. Each of the aforementioned factors are considered in the following chapter. 
The chapter begins with an overview of the factors pertinent to the preparation of 
feedstock; the experimental procedures employed during the preparation of the 
feedstock are then described. The results of the experimental work ar e presented at the 
end of the chapter together with a discussion of their significance.
3.2 Background information
3.2.1 Powder characterisation
3.2.1.1 Overview
The selection procedures for ceramic powders suitable for injection moulding have been 
reviewed extensively (Edir isinghe and Evans, 1986b; German and Bose, 1997; Mutsuddy 
and Ford, 1995). Powder char*acteristics, such as size, shape, particle size distribution 
and tendency to agglomerate, determine the concentration of ceramic that can be 
incorporated into a polymeric binder system. A high ceramic content is desirable as it 
minimises slumping and distortion on binder removal and improves dimensional accuracy 
on sintering. However, the binder must be present in sufficient quantity to confer fluidity 
for successful injection moulding. Considerable effort has been devoted to finding a 
compromise between these conflicting requirements by tailoring the powder 
characteristics.
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3.2.1.2 Effect of particle size and shape
Generally, ceramic powders do not possess the idealised spherical particles used in much 
of the theoretical work on packing efficiency. Irregular shaped particles ar e unable to 
pack as efficiently as spheres as their mobility is reduced due to interlocking and 
increased inter-particle friction (Shukla and Hill, 1989; White and Walton, 1937).
The surface ar ea to volume ratio is a function of both particle size and shape; decreasing 
particle size and increased surface irregularities cause a considerable increase in the 
effective surface area. Surface chemistry becomes predominant as surface area increases 
and a considerable resistance to wetting of the powder by the polymeric binder is 
observed. Consequently, the viscosity of the ceramic/polymer composition increases and 
its suitability for injection moulding decreases. A surfactant is often added to the binder 
formulation to reduce the surface tension between polymer and ceramic, thereby 
improving wetting.
3.2.1.3 Effect of particle size distribution
Packing efficiency in concentrated suspensions and its effect on viscosity can be readily 
calculated for uniform diameter, near spherical particles (Edirisinghe and Evans, 1987b). 
Although modern developments in the ceramic industry allow the production of powders 
that can almost meet these ideal conditions, monomodal powders give low green density 
mouldings, which can lead to excessive shrinkage on sintering. It is appreciated that 
mixing fine and coai*se particle sizes allows a significant increase in ceramic volume 
fraction with no apparent increase in viscosity (German, 1987; Mutsuddy and Ford, 
1995), since the finer paiticles can occupy the pores between the coarse particle packing 
array. Therefore, it is expected that with the addition of more size fractions, a laiger 
fraction of pore space can be occupied by pai’ticles (see Figure 3.1). The effect of 
broadening the paiticle size distribution has received considerable attention, both by 
blending particles of differing sizes (Ayer and Soppet, 1965) and by selecting a wide 
continuous distribution (Sohn and Moreland, 1968).
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Figure 3.1; Two-dimensional representation of the effect of differing particle sizes on
packing efficiency
3.2.1.4 Effect of agglomerates
Ceramic powders tend to exist in the form of aggregates composed of primary particles 
permanently fused together. In turn, aggregates cluster together under the influence of 
surface forces in collections of aggregates, referred to as agglomerates. Although 
agglomerates facilitate the handling of sub-micrometre powders, their presence lowers 
the particle packing density and therefore increases the viscosity of the composition.
Agglomerates are particularly destructive at the sintering stage (Edirisinghe and Evans, 
1986a), causing stresses to develop due to differential shrinkage between agglomerate 
and matrix. Differential shrinkage may cause distortion, cracking, strength limiting flaws 
and prevent densification.
Agglomerates are generally broken down during the high shear mixing process used to 
blend the ceramic powder with the polymeric binder. However, the process may not be 
rigorous enough to disperse solid bridge hard agglomerates. For this reason, chemical 
additives, such as sur&ctants or coupling agents, are added to the binder formulation. 
Such additives modify the interfacial energy between particles, thus aiding dispersion and 
lowering viscosity.
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3.2.2 Feedstock formulation
3.2.2.1 Overview
An empirical approach is generally taken when selecting a suitable polymeric binder for a 
given ceramic powder, since no scientific method has yet been proposed. It is important 
to note that many authors refuse to disclose their binder formulations due to the 
proprietary and commercial natur e of the information. The feet that formulations are 
regarded as trade secrets provides an insight into their* complexity and significance for 
successful injection moulding. However, polymeric binders have been the subject of 
much scientific study. This section reviews the criteria for binder selection and provides 
an overview of the rheological behaviour of ceramic/polymer compositions and its 
relevance to injection moulding.
3.2.2.2 Components of polymeric binders
Ideally, a binder formulation should (Mutsuddy and Ford, 1995);
a) have good flow properties,
b) be stable under mixing and moulding conditions,
c) be compatible with other components of the formulation,
d) impart adequate green strength to the mouldings,
e) leave a minimal residue after binder removal.
Further, economic factors such as low cost and long shelf life are important when 
selecting a binder for commercial applications.
To meet the above criteria, binder formulations generally consist of a number of 
ingredients that may be classified into one of four* categories (Edirisinghe and Evans, 
1986a; Edirisinghe and Evans, 1987c):
1) Major component: determines the general range of final binder properties.
2) Minor component: generally a low molecular weight wax which evaporates during 
the initial stage of binder removal, generating a system of nai'row channels that are 
believed to facilitate the removal of other binder components.
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3) Plasticiser: lowers the viscosity of the ceramic/polymer composition by increasing 
the free volume.
4) Processing aids: additives incorporated to improve wetting of ceramic by binder, aid 
dispersion, lower viscosity and facilitate mould release.
The extensive review by Edirisinghe and Evans (1986b), summarises the main systems 
used as binders for ceramic injection moulding. According to the major component 
employed, the binder may be classified as thermoplastic, thermosetting or aqueous.
3.2.2.3 Major components
Although thermosetting polymer binders produce strong mouldings and reduce thermal 
deformation dur ing binder removal, they have not met with a great deal of success. This 
is mainly due to the higher mould temperature and extended cycle times necessaiy to 
allow polymer crosslinking.
Aqueous systems have been investigated based on solutions of commercially available 
cellulose derivatives, i.e. methyl, methylethyl and hydioxypropylmethyl cellulose 
polymers (Huzzard and Blackburn, 1997). Successful injection moulding is dictated by 
gelation properties that ar e controlled by gel temperature, gel strength and the degree of 
water retention. Agar has also received attention as a binder for ceramic injection 
moulding, due to its high gel strength and favourable rheology (Fanelli et a l, 1989).
A number of thermoplastic polymers have been used to good effect as major binder 
components, especially the relatively cheap commodity plastics such as polyethylene, 
ethylene vinyl acetate and polypropylene. Polypropylene in particular has received 
considerable attention and its wide acceptance may, to a certain degree, be attributed to 
the early work on binder formulation by Edirisinghe and Evans (Edirisinghe and Evans, 
1986a; Edirisinghe and Evans, 1987a; Edfrisinghe and Evans, 1987b; Edfrisinghe and 
Evans, 1987c).
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3.2.2 4 Minor additives
The role of the minor additives should not be underestimated as they allow the binder 
formulation to be tailored to meet the criteria detailed above. Numerous chemical 
additives are available commercially, which aie generally classified as lubricants, 
plasticizers, wetting agents, coupling agents, etc. These conventional classifications are 
made according to chemical structures and their intended fimctions. Relatively small 
additions of such additives can significantly alter the behaviour of the ceramic/polymer 
composition.
Stearic acid and its salts are effective lubricants as the carboxyl terminated molecule may 
be strongly bound to an oxide surface, the shear* resistance between the first adsorbed 
layer and successive layers being low. Furthermore, the presence of stearic acid in 
binder formulations has been shown to reduce the amount of weai* on mixing/moulding 
equipment caused by the abrasive natuie of the ceramic (Zhang et a l, 1989a).
Coupling agents ai*e molecular bridges at the interface between two substrates, which are 
usually, but not always, limited to an inorganic filler and an organic polymer matrix. The 
general formula of a coupling agent may be expressed as:
(RO)m-X-R\ 3.1
where RO is a hydrolyzable group, such as methoxyl (OCH3) or ethoxyl (OC2H5), that 
can react with a hydroxyl group on the ceramic surfece; R’ is an organic component 
which may have differing fimctionality depending on the application; and X is a 
tetravalent metal atom such as silicon, titanium or zirconium, in which case the coupling 
agents are referred to as silanes, titanates or ziiconates respectively. The paiameters m 
and n vary fiom 1 to 4 for most coupling agents.
Titanates aie unique in that theii* reaction with the firee protons at the inorganic interface 
results in the foi*mation of organic monomolecular layers on the inorganic surface 
(Monte, 1993). The absence of polymolecular layers at the interface, together with the 
chemical structure of the titanates, create novel substrate surface energy modifications 
and polymer phase interactions. In certain cases, a coupling agent may behave as a
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dispersant, with no coupling (i.e. chemical bonding) between the polymer and particles, 
often resulting in viscosity reductions and improved dispersion in highly filled polymer 
systems (Han et a l, 1978; Monte and Sugerman, 1984). Such a result demonstrates the 
complexity in selecting chemical additives and predicting their performance in a given 
situation.
3.2.3 Mixing and compounding
3.2.3.1 Overview
Mixing can be broadly defined as a process to reduce the non-uniformity of a 
composition. The basic mechanism of mixing is to induce physical motion of the 
ingredients. The types of motion that can occur aie moleculai* diffusion, turbulent 
motion and convective motion. The fii'st two types aie limited to gases and low viscosity 
liquids. Forced convective flow is the predominant mixing process in high viscosity 
liquids, such as polymer melts. If convective flow causes the movement of solid particles 
in a fluid such that the particles achieve a good spatial distribution, then distributive 
mixing is said to have occurred.
Distributive mixing is influenced by the strain imposed on the mixture. In the case of 
viscoelastic polymers and agglomerated fine structures, which show yield point 
characteristics, the application of stress is necessaiy, but insufficient, to achieve mixing. 
For such materials, it is the strain rate and hence sheai* stress imposed on the material 
that determines the extent of mixing. The use of high shear forces to overcome yield 
point behavioui’ is known as dispersive mixing.
3.2.3.2 Mixing techniques
The state of dispersion is strongly affected by the methods and conditions of the mixing 
technique employed. During the early work on ceramic injection moulding, sigma, or Z 
blade, mixers were employed (Schwai’tzwalder, 1949; Taylor, 1966). Although still 
widely used, these mixers provide insufficient dispersive mixing to brealc down 
agglomerates. A similai* type of mixer that produces higher shear mixing by using 
counter-rotating blades has been found to be more satisfactory (Quackenbusch et a l.
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1982). Both mixers, however, exhibit long dwell times and dead zones, which can lead 
to degradation of the polymeric binder component.
The two-roll mill has been used with success in the prepar ation of feedstock for ceramic 
injection moulding (Edirisinghe and Evans, 1986c; Mutsuddy, 1989). It consists of two 
counter-rotating differential speed rollers with horizontal axes. Mixing is achieved by 
allowing the material to pass between the pre-heated rollers. The gap between the 
rollers, termed the ‘nip’, may be adjusted to impose intense shear stresses on the 
material. The lack of transverse mixing, however, requires that careful adjustments be 
made during operation.
Compounding is the process that causes mixing to occur. The most successful 
compounding technique for high viscosity thermoplastic blends has proved to be the co- 
rotating, intermeshing twin screw extruder, in preference to counter-rotating and single 
screw extruders (Edirisinghe and Evans, 1986a; Edirisinghe and Evans, 1987a). Unlike 
single screw extruders, where flow of material is dependent on adhesion to the barrel 
wall, the twin screw intermeshing design produces positive displacement conveyance. 
The screw design may be varied to balance pumping and mixmg chai'acteristics (Manas- 
Zloczower and Tadmor, 1994). Fui'thermore, thermal degradation of the polymer is 
minimal when compared with other compounding techniques (Hunt et a l, 1988). With 
this technique, however, it is necessary to preblend the constituents prior to 
compounding to ensure homogeneity. This is usually performed in a high speed, low 
shear mixer.
3.2.3.3 Problems associated with mixing
Powder agglomerates and areas of undispersed binder must be minimised during the 
mixing stage to prevent non-uniform shrinkage on sintering (Kellet and Lange, 1984; 
Lange, 1984). The effectiveness of the mixing stage, in terms of removing powder 
agglomerates, may be assessed by scanning electron microscopy (SEM), using the back- 
scattered electron imaging technique (BEI) (Song and Evans, 1993; Zhang et a l, 
1989b). The homogeneity of the composition may be investigated by measurmg the 
weight loss on binder removal of random samples of the feedstock, known as ‘ashing’ or
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‘loss on ignition’ (Ediiisinghe and Evans, 1987a). This technique, however, does not 
provide information on the homogeneity of the binder constituents within the feedstock. 
Poor dispersion of the individual components results in uneven degradation dur ing binder 
removal, which can lead to defects in the artefact (Zhang et a l, 1989a).
The abrasive nature of the ceramic particles in the feedstock may result in contamination 
from significant wear of the mixing equipment. The major contaminants are the 
transition metals e.g. iron, manganese and nickel, that are commonly present in hardened 
steel and tool steel (Mutsuddy and Ford, 1995). Such contaminants can catalyse the 
oxidative degradation of polymers, particularly polypropylene. Their presence may also 
have a detrimental effect on sintering. At present no reliable data exist concerning the 
potentially serious problem of contamination on the properties of electroceramics.
3.3 Experimental details
3.3.1 Powder selection
The piezoelectric powder used in this study was PZT-5H, as supplied by Morgan 
Electroceramics, Southampton, UK. Modelling and experimental studies have shown 
PZT-5H to offer the highest sensitivity for hydr*ophone application (Fitzmaurice, 1998).
3.3.2 Powder characterisation
3.3.2.1 Particle size analysis
Initially, a 50 kg batch of PZT-5H was supplied (batch 1), followed by three subsequent 
batches of 25 kg each (batches 2, 3 and 4), during the course of the study. On receipt of 
each batch a sample was taken and sent to DERA Bridgwater, Somerset, UK, for 
surface area analysis. The specific surface area was determined by gas adsorption, 
nitrogen continuous flow method. Analysis of the particle size distribution was 
conducted by Morgan Electroceramics Ltd., using the laser diffraction method 
(Mastersizer, Malvern Instruments Ltd., Worcester, UK). Stfrring, low power
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ultrasound and a dispersing agent (DISPEX A40) aided aqueous dispersion of the 
ceramic powder,
3.3.2,2 Powder morphology
The particle morphology of the powder (batch 1) was examined using a JEOL 840A 
scanning electron microscope (SEM) in secondary electron imaging (SEI) mode. A 
small sample of powder was thinly deposited onto one side of double-sided adhesive tape 
that had been applied to an aluminium stub. It was sputter coated with carbon to 
prevent charging in the SEM.
3.3.3 Feedstock formulation
3.3.3.1 Oveiwiew
Dur ing the course of the present work, two feedstock formulations were investigated. 
The first formulation employed a binder system developed in-house, based on 
polypropylene, microcrystalline wax and stearic acid. This system was highlighted as 
being the most promising candidate for initial injection moulding trials (Edirisinghe and 
Evans, 1986a; Edirisinghe and Evans, 1987a; Edirisinghe and Evans, 1987b; Edirisinghe 
and Evans, 1987c). Furthermore, a considerable amount of data exist in the published 
literature on its use and removal fi’orn injection moulded ceramic articles. The second 
formulation employed a proprietary binder system, identified firom recent literature 
(Clarient Gmbh 1998). Designed specifically for ceramic/metal injection moulding, the 
binder is available commercially fi-om Clarient Gmbh, Gersthofen, Germany, under the 
trade name HOSTAMONT EK583. The two formulations evaluated are referred to 
throughout as either ‘in-house’ or ‘commercial’ depending on the binder system 
employed.
3.3.3.2 In-house formulation
Details of the individual binder constituents used in the in-house formulation are given in 
Table 3.1. Since volume loadings of ceramic between 50-70% are known to be desirable 
for ceramic injection moulding (Edirisinghe and Evans, 1987b), attempts were made to 
incorporate approximately 60-62% by volume PZT-5H into the feedstock. [N.B. This
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value was chosen as a starting point for initial investigations and does not correspond to 
the critical solids loading.]
Table 3.1: Details of the in-house binder components.
COMPONENT GRADE SUPPLIER DENSITY
(g/cm^)
Polypropylene PLASPOL 
PVP 2201 N/850
Ashland Plastics, Affieton, 
Derbyshire, UK
0.91
Microciystalline
wax
OKERIN 1865B Astor Corporation, West 
Drayton, Middlesex, UK
0.91
Stearic acid 1843 H. Foster & Co., Leeds, 
Yorkshire, UK
0.94
Typically, binder systems ai-e expressed as a ratio of major to minor components. The 
ratio most commonly expressed for the above system is 6:2:1 (i.e. 6 parts polypropylene 
to 2 parts microcrystalline wax to 1 part stearic acid) (Nogueira, 1992; Pinwill, 1990; 
Shaw, 1994). It was argued, however, that since stearic acid is incorporated to aid 
dispersion of the ceramic powder and to ininiinise abrasive contamination by lubricating 
processing equipment, its addition should be related to the weight of ceramic powder in 
the formulation. Therefore, with reference to Table 3.2, stearic acid has been added at 
1% (formulations Ml and M3) and 2% (formulations M2 and M4) by weight PZT-5H. 
Additions of greater than 2% were not considered as it has been shown that excess 
stearic acid in the formulation (i.e. > 10% by volume) increases the low temperature 
weight loss (Edirisinghe, 1991). This is particularly detrimental during binder removal 
from thick sections, as outward difrusion of degradation products is difficult at low 
temperatures.
Feedstock Preparation 38
Table 3.2; In-house formulations (Values in parenthesis indicate volume %)
Formulation % Weight
PZT-5H Polypropylene Microcrystalline Stearic acid
M l 92.81 4.59 1.67 0.93
(61.28) (24.83) (9.03) (4.86)
M2 92.73 3.97 1.44 1.85
(61.34) (21.16) (7.70) (9.80)
M3 92.95 4.59 1.53 0.93
(61.78) (24.99) (8.33) (4.90)
M4 92.94 3.90 1.30 1.86
(61.84) (21.27) (7.09) (9.80)
Formulations Ml and M2 were prepared with a polypropylene to microcrystalline wax 
ratio of 2.75:1; the ratio was increased in favour- of polypropylene to 3:1 in formulations 
M3 and M4.
3.3.3.3 Commercial formulation
HOSTAMONT EK583 is marketed as ‘a plasticiser for the injection moulding and 
extrusion of metal and ceramic powders’. The manufacturer describes it as ‘a 
combination of polyolefin waxes’, and also claims that it is approximately 50% soluble in 
water, acetone or ethanol (Clarient Gmbh, 1998). Four formulations were prepared for 
initial evaluation, containing different volume fractions of PZT-5H, namely 62% (as a 
direct comparison with the in-house binder formulation), 60%, 58% and 55% (see Table 
3.3)
Table 3.3 Commercial formulations (values in parenthesis indicate volume %)
FORMULATION % Weight
PZT-5H HOSTAMONT EK583
HM62 91.7 (62.1) 8.3 (37.9)
HM60 91.3 (60.8) 8.7 (39.2)
HM58 90.5 (58.4) 9.5 (41.6)
HM55 89.3 (55.2) 10.7 (44.8)
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3.3.3.4 The use of coupling agents
During the development of the in-house formulation, a number of trials were conducted 
whereby stearic acid was replaced by a titanate coupling agent (for the same level of 
addition). The coupling agents recommended by the manufacturer (Kenrich 
Petrochemicals, Inc., Bayonne, New Jersey, USA) for evaluation were:
1. neopentyl(diallyl)oxy, trineodecanonyl titanate
y \ / '
V \
CçiH ,ç,j
2. neopentyl(diallyl)oxy, tri(dioctyl)phosphato titanate
The above coupling agents are referred to by the manufacturer as neoalkoxy titanates. 
The major advantage of this type of coupling agent is that it can be added directly to the 
other ingredients at the mixing stage, thus eliminating the need to pretreat the ceramic 
powder prior to compounding.
During compounding, formulations containing titanates displayed a significant increase in 
pressure at the extruder die, accompanied by excessive torque on the screws, indicating 
an increase in mixture viscosity. It was assumed that the coupling agents were indeed 
coupling the ceramic particles to the polymer binder and not acting as a dispersing agent 
as hoped. The use of coupling agents was, therefore, eliminated fi-om further
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investigation, since time constraints prevented a detailed explanation of the observed 
effect. The compounding technique is explained in more detail below.
3.3.4 Mixing and compounding
It was necessary to preblend the feedstock ingredients in a Kenwood KM800 industrial 
mixer prior to compounding. The ceramic powder was diied overnight, under vacuum, 
at 100*^0, to remove any absorbed moistme before mixing. In the case of the in-house 
formulation, the stearic acid was added to the preheated powder and mixed at high speed 
for approximately two minutes. The polypropylene and microcrystalline wax were 
subsequently added and mixing continued for a fuilher three minutes.
In the case of the commercial formulation, HOSTAMONT EK583, the particle size was 
first reduced fiom a granule/flake to a powder with the aid of a mechanical pestle and 
mortar, to improve the homogeneity of the preblend. As with the in-house formulation, 
the binder was added directly to the preheated ceramic and mixed continuously for 
approximately 4-5 minutes.
The preblended ingredients were compounded on an intermeshing, co-rotating twin 
screw extruder (model TSE 16TC, PRISM, Lichfield, Staffordshire, UK) as shown in 
Figure 3.2 and schematically in Figure 3.3. Before compounding, the extruder was 
purged with suitable material, i.e. polypropylene for the in-house formulation and virgin 
HOSTAMONT EK583 for the commercial formulation. Consequently, the initial 
extrudate was discarded as it contained excess purge material. A slow feed rate was 
used to prevent seizur e of the screws during extrusion. The process conditions are given 
in Table 3.4. On cooling to room temperature, the extrudate was granulated to produce 
a feedstock suitable for injection moulding.
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Figure 3.2 Intermeshing, co-rotating twin screw extruder, used to compound 
feedstock for injection moulding.
Binder + ceramic 
(prebiended)Pressungauge
Vent (open) Vent (closed)
M otor + 
torque meter
M ixing elements
Die Zone 2 CooledZone 1
section
Figure 3.3 Schematic of twin screw extruder
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Table 3.4 Compounding conditions
Die diameter (mm) 8
Screw diameter (mm) 16
Screw length to diameter ratio 15:1
Screw speed (rpm) In-house 1 0 0
Commercial 1 1 0
Barrel temperatui'e profile In-house 170-180-190
(zone 1-zone 2-die) (°C) Commercial 130-145-160
The loss on ignition (LOI) technique was used to determine the actual volume fraction of 
PZT in the feedstock and to provide a crude indication as to the efficiency of the 
compounding process. Five samples (approximately 4-5 g) were taken at random from 
the granulated feedstock, weighed in crucibles, heated to 600®C in air and reweighed. 
The measured weight loss was used to calculate the weight fr action of PZT ( W p z t )  in the 
feedstock. This value was then used to calculate the volume fraction using the following 
equation:
/ P p z r  3 _ 2VpzT -  w PZT ( 1 0 0  ^ p z t ')
P pzt P b
where ppzi = the density of PZT-5H 
pB = density of binder
[For the in-house formulation pg = Wppppp + W ^ c w P m c w  + Wg^PsA, where the subscripts PP, 
MCW and SA refer to polypropylene, microcrystalline wax and stearic acid respectively.]
The standard deviation in the average of the five measurements may be taken as a 
measure of the efficiency of the compounding process. A small standard deviation 
indicates the feedstock has been compounded satisfactorily, whereas a large standard 
deviation indicates the presence of inhomogeneities, such as ai eas of undispersed binder.
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3.4 Results and discussion
3.4.1 Powder characterisation
3.4.1.1 Particle size analysis
The powder characteristics desirable for injection moulding are relatively well 
understood and documented. The commercial nature of the present work, however, 
precluded tailoring the paiticle size or size distribution of the powder, since a bespoke 
powder would raise production costs. It was necessary to demonstrate that a commercial 
‘off-the-shelf grade of powder could be employed in the process. To this end, Morgan 
Electroceramics supplied the powder ex-stock. In the first instance the characterisation 
was conducted to generate a base line, thereafter to ensuie there was no significant batch 
to batch variability.
The results of the analyses are summarised in Table 3.5 and presented graphically in 
Figure 3.4. The distributions recorded show that batch 1 contained a higher fraction of 
coarser paiticles, resulting in a higher mean paiticle size. Batch to batch valuation in the 
mean particle size is nominal across batches 2 , 3 and 4. The last batch received fiom 
Morgan Electroceramics (Batch 5) liad the lowest recorded mean particle size at 3.0 pm 
and the largest specific sui'face area at 5.2 m^  g '\
Table 3.5 Summary of particle size analyses
Property
Batch Number
1 2 3 4 5
Volume Mean Paiticle 
Diameter (pm) 8.1 5.2 5.7 5.0 3.0
Volume Median Pai ticle 
Diameter (pm) 2 .1 1.9 1 .8 2 .1 1 .8
Specific Surface Area 
(m' g-') 3.9 4.3 4.4 4.0 5.2
Feedstock Preparation 44
100
90
Batch 1 
Batch 2 
Batch 3 
Batch 4 
Batch 5
 ^ 60
..........
2 3 4 5 5 6 7 8 1 3 4 5 6 7 8 10 3 4 5 6 7 8 1002 2
Particle Diameter (^m)
Figure 3.4 Pseudo- particle size distributions from data supplied by Morgan 
Electroceramics (note it appears the agglomerates have not been broken 
down).
3.4.1.2 Powder morphology
SEM images showed the as-received powder to be in the form of spray dried granules of 
100-150 pm diameter (Figure 3.5a). The granules were easily broken down into primary 
particles with diameters in the range 0.5-1 pm, by lightly grinding in a methanol 
suspension (Figure 3.5b).
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a)
b)
Figure 3.5: Scanning electron micrograph (secondary mode) of (a) the as-received
PZT-5H powder and (b) after lightly grinding in a methanol suspension.
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3.4.2 Feedstock formulation
It is important to note that the in-house and commercial feedstock formulations were not 
evaluated in parallel. The in-house formulation was developed during the manufacture 
of the 1-3 preform mould tool and evaluated by injection moulding samples of simple 
geometry (bars, discs, etc.). On receipt of the mould tool from the manufacturer, 
however, initial injection moulding trials soon exposed complications with the in-house 
formulation and the new mould. The problems encountered aie discussed in detail in the 
next chapter. It was at this stage that the commercial binder system was identified and 
procured for evaluation.
3.4.3 Mixing and compounding
The pressure gauge at the die exit and the torque meter linked to the screws provided a 
first approximation as to the processability of the feedstock. Excessively high pressure 
and/or torque readings caused the extruder safety limit switch to trip. This was the case 
during attempts to compound in-house formulations Ml and M3 and commercial 
formulation HM62. The difficulty in compounding led to the eventual exclusion of these 
formulations from fiirther investigation.
The percentage of PZT by weight in the feedstock, as determined by the loss on ignition 
technique, is presented in Table 3.6 for each formulation. The standard deviations 
recorded were all within 0.5% of the average, which validated the effectiveness of 
compounding by twin screw extrusion (Table 3.6). The values quoted in Table 3.6 for 
percentage of PZT by volume were calculated according to equation 3.2. The scanning 
electron micrographs confirmed that the PZT-5H had been reduced to discrete particles 
of approximately 0.5 pm diameter, evenly dispersed within the organic binder (Figui’e 
3.6).
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Table 3.6: LOI values for in-house and commercial feedstock formulations
SAMPLE Weight% PZT
M2 M4 HM55 HM58 HM60
1 92.3581 93.0556 88.8618 90.2840 91.0530
2 93.1458 92.2644 89.1112 90.2596 90.8519
3 92.4462 92.4451 88.9411 90.6755 90.9331
4 92.9471 92.8754 88.8153 90.0507 91.0345
5 92.4089 92.6501 89.0706 90.0406 90.4665
Average 92.661 92.658 88.960 90.262 90.868
Standard Deviation 0.36 0.32 0.129 0.26 0.24
Coefficient of 
variation (%)
0.39 0.35 0.15 0.29 0.26
Volume% PZT 60.7 61.2 54.3 57.8 59.5
Figure 3.6: Scanning electron micrograph (secondary mode) of formulation M4 after
compounding on a twin screw extruder.
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3.5 Concluding remarks
This chapter has explained the stages necessaiy in the prepaiation of feedstock for 
ceramic injection moulding. A suitably formulated and efficiently compounded 
feedstock, however, does not guaiantee successful injection moulding. The flow 
behavioui* of the feedstock must be chai acterised before any attempt at moulding can be 
made. Feedstock evaluation, in terms of rheology, is discussed in more detail in the next 
chapter.
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CHAPTER FOUR
RHEOLOGICAL CHARACTERISATION OF FEEDSTOCK
4.1 Introduction
This chapter concerns the rheological characterisation of the feedstock formulations. An 
understanding of rheology and the ability to measure rheological properties is necessary 
when evaluating a feedstock formulation as it provides information as to how the 
composition will behave dui'ing injection moulding. The chapter begins with a 
consideration of the fundamental principles of rheology, wliich introduces the various 
parameters used to characterise the flow behaviour of concentrated suspensions. 
Following this, the experimental determination of the rheological paiameters is 
described. The flow behavioui* of the formulations is then described, in terms of the 
results of the rheological characterisation, under the appropriate headings.
4.2 Theoretical considerations
4.2.1 Simple shear flow
Simple shear flow is best described by considering an element of fluid between two 
parallel plates of area, sepaiated by a distance, h, A sheai* force, F, is applied to the 
top plate which moves with a uniform velocity, v, relative to the lower stationaiy plate 
(Figure 4.1).
Moving plate, areayf Sheai’ force, F  
Velocity, v
Stationaiy plate, area A
Figure 4.1 ; Simple shear deformation of a fluid
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With respect to Figure 4.1, the fluid is said to be under a shear stress, r  = and flows 
with a shear rate, /  =
Fluids which obey the following simple relationship:
T - r } f  4.1
are known as Newtonian fluids, where the constant, 77, is the coefficient of viscosity.
The coefficient of viscosity of Newtonian fluids is constant and does not vary with sheai* 
rate. Many real materials, however, do not exhibit the simple characteristics of 
Newtonian fluids, i.e. there is not a simple relationship between the shear stress and 
sheai’ rate. This is pai’ticularly true of concentrated suspensions of particles in a fluid, as 
required for ceramic injection moulding. Materials for which equation 4.1 does not 
apply are, by definition, non-Newtonian.
4.2.2 Rheological behaviour
Three main types of rheological behavioui' have been identified. They are:
a) Time dependent -  characterised by shear rate-dependent and time-dependent 
viscosity. Some fluids increase in viscosity (rheopexy) or decrease in viscosity 
(thixotropy) with time when sheared at a constant shear rate.
b) Viscoelastic fluids -  those materials which are predominantly viscous but which 
exhibit a significant amoimt of elastic chai acter in their flow. Also chaiacterised by a 
sheai' rate-dependent and time-dependent viscosity, this class could be considered a 
sub-class of (a), but aie normally treated sepaiately.
c) Time independent -  those materials in which the shear stress is a function of the 
sheai' rate only, i.e. r  = / ( ÿ ) .
Newtonian fluids are time independent and constitute the simplest example of this class. 
Some other commonly observed types of time independent flow behavioui' are shown in 
Figure 4.2, in which shear stress has been plotted as a fimction of shear rate. The 
behaviour illustrated can be described in the following terms:
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i) Shear thinning (pseudoplastic flow), in which the viscosity decreases continuously 
with shear rate
ii) Sheai' thickening (dilatant flow), in which the viscosity increases with shear rate.
iii) Bingham plastic -  behaviour in which a non-zero shear stress is required to initiate 
flow and for which there is a liiieai' relationsliip between the shear stress, in excess of 
the yield stress, and the resulting sheai' rate.
iv) Viscoplastic -  behavioui* in wliich a non-zero sheai’ stress is required to initiate flow 
and for which the rate of increase in shear stress with sheai* rate, in excess of the 
yield stress, decreases with increasing sheai* rate. The flow cm’ve has the same 
char acteristic shape as that for a fluid exhibiting shear thinning behavioui* but does 
not pass thr ough the origin.
Shear stress Viscoplastic 
Bingham plastic
Shear thickening 
/  Newtonian
Yield 
point, Ty Shear thinning
Shear rate
Figure 4.2: Plots of shear stress v. shear* rate for different types of flow behaviour.
Experimentally, it is sometimes difficult to detect differences between a shear thinning 
liquid, in which the viscosity decreases with increasing shear, and a thixotropic material, 
in which the viscosity decreases with time, because of the combined shear and time 
effects that occur during a series of measurements (Kroschwitz et a t, 1987).
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4.2.3 Rheological models
Many models have been proposed to describe the relationship between the imposed 
shear rate and resultant shear stress for non-Newtonian fluids. Although the majority of 
these are of limited value for engineering pui'poses and seiwe more as theoretical 
analyses, there aie a number of well established models used widely in the 
characterisation of non-Newtonian rheology. These are (Carreau et al., 1997):
Power law model -  The sheai* stress/sheai* rate relationships for both sheai* thinning and 
shear thickening fluid types can often be described by a power law model of the form:
T = Æ f  4.2
where K  is the consistency coefficient in units o f Pa f  and n is the flow behaviour index. 
For shear thinning behavioui* «<1, whereas for sheai* thickening behavioui* «>1. 
Equation 4.2 reduces to the Newtonian relationsliip when «=1 and K  represents the 
coefficient of viscosity, rj.
Bingham plastic model -  Bingham fluids aie those in which a finite stress is requiied to 
initiate motion and for which there is a linear relationship between sheai* stress and shear 
rate beyond the yield point. The behavioui* can be described by an equation of the form:
^ = S a + W  4.3
where PyB is the Bingham yield stress and t]b is termed the Bingham plastic viscosity. 
This expression also reduces to the Newtonian case when PyB equals zero.
Herschel-Bulkley model -  This model, also loiown as the generalised Bingham plastic 
model, uses a three paiameter yield/power law equation given by:
^ = '^ yHB + K f '  4.4
where T i s  the Herschel-Bulkley yield stress. Tliis equation describes viscoplastic 
behaviour when «<1 .
Casson model -  This theoretical two-parameter model is given by:
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4.5
where '^yc is the Casson yield stress and T]c is the Casson viscosity.
4.2.4 The rheology of suspensions
The above rheological models are idealised representations, as most fluids exhibit more 
than one flow cuiwe over the measurable shear rate range of 10'^  to 10^  s '\  The general 
flow curve for highly filled polymer suspensions, such as ceramic feedstock for injection 
moulding, is shown schematically in Figuie 4.3.
Log viscosity
Log shear rate
Figure 4.3: Schematic representation of the flow curve for a concentrated suspension
The cui've indicates that at low sheai’ rates the viscosity is constant while at high shear 
rates the curve is again constant, but at a lower level. Between these two extremes, 
sometimes referred to as the first and second Newtonian regions, the viscosity decreases 
as shear rate increases (sheai’ thinning). The viscosities in the first and second 
Newtonian regions aie referred to as the zero shear viscosity, rjo, and the infinite shear 
viscosity, r|oo, as shown in Figure 4.3. In the case of highly concentrated particle/polymer 
suspensions, shear thickening behavioui’ may follow the second Newtonian region at high 
shear rates. The different behaviours observed may be attributed to the molecular 
structure of the polymer, particle characteristics (e.g. size, shape, concentration, etc.), 
polymer/particle interfacial chai’acteristics and/or pai’ticle-particle interactions.
There are still no reliable theoretical models predicting the rheological behavioui’ of 
concentrated polymer suspensions. The first theoretical treatment, due to Einstein
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(1911), is valid for dilute suspensions of spherical particles at volume fractions less than
0.1 (equation 4.6),
n , = ^  = \ + 2.5^ 4,6
np
where t]r is the relative viscosity, t/s is the viscosity of the suspension, rjp is the viscosity 
of the suspending medium and <j) is the volume fraction of particles.
Subsequent treatments have attempted to extend the theory to concentrated suspensions. 
The influence of pai’ticle concentration on the viscosity of the suspension is best 
determined in relation to the maximum packing fraction, i.e. the volume fr action in 
which the particles aie in continuous thiee-dimensional contact throughout the 
suspension. The maximum packing fraction is sensitive to paiticle size distribution and 
particle shape (see Chapter 3, section 3.2.1). Broader particle-size distributions have 
liigher values of since the finer particles can occupy the pores between the coarse 
particle packing array. Non-spherical particles, however, lead to poorer space filling and 
hence lower Particle flocculation can also lead to a low maximum packing fraction 
as the floes themselves are not close packed.
A number of expressions have been derived in an attempt to describe the relationship 
between relative viscosity and particle loading for concentrated suspensions. A 
chai’acteristic of many such empiiical equations is that they include a normalised 
concentration {(jfij}»). Eilers (1941) proposed an equation of the form:
Ir = %  1.25^ 4.7
Mooney (1951) presented the relationship:
= exp 4.8
where k ~ M<j)m for monosized spheres.
Kiieger and Dougherty (1959) derived an equation by modifying Mooney’s analysis to 
give:
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77, = (1 -
Chong et al. (1971) modified Eilers’ equation to give:
V
4.9
=
0 7 5 ^ 4.10
Stedman et a l (1990) reported a good correlation between experimental results and 
equation 4.10 for data close to Huzzard and Blackburn (1999), however, found 
equation 4.10 provided a relatively poor fit to data obtained on aqueous injection 
moulding pastes but that equation 4.9 accurately predicted the relative viscosity of the 
formulations under evaluation.
Relative viscosity as a function of particle volume fi-action is plotted in Figure 4.4 for 
each of the above models (equations 4.6-4.10). The models give similar predictions at 
low volume fi-actions, but large differences in relative viscosity are observed in the high 
volume fi-action region.
10’I
0,0 0.1 0.40.2 0.3 0.5 0.6 0,7
Partide volume fraction (f)
Figure 4.4: Relative viscosity as a function of solids loading for different models {<jhn
= 0.74)
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4.2.5 Ëiongational flow
The models and behaviour described so fai* relate only to sheai* flow. This is a limitation, 
as any abrupt change in geometry dui’ing processing will generate a flow with an 
extensional component. Flow through a sudden contraction or out of an orifice often 
leads to flow chai’acteristics which cannot be predicted on the basis of shear viscosity 
alone.
The tensile or elongational viscosity, % , is a measure of the resistance of the melt to
tensile flows. The equation relating tensile stresses to tensile strain rates is similar to that 
for shear flows, namely:
(J -T J eS 4.11
where a  is the tensile stress and s  is the tensile strain rate.
Elongational flows were first studied by Trouton. For incompressible, Newtonian 
materials he found that:
7^= 3 ;; 4.12
Equation 4.12 is true for viscoelastic materials at low stresses only. As a consequence, a 
Trouton ratio has been defined as:
4.13
W )
It has been ai’gued that any depaituie fi*om the value of thiee can be associated with 
viscoelasticity (Barnes et a l, 1989). Equation 4.13, however, is somewhat ambiguous, 
since it depends on both è and y . A convention has to be adopted to relate the strain 
rates in extension and shear. To remove this ambiguity and at the same time pro-vide a 
connvenient estimate of viscoelastic effects, Jones et a l (1987) have proposed the 
following definition:
r^(g) = - i 4 f^ -  4.14
i.e., the sheai* viscosity is evaluated at the sheai* rate numerically equal to ^ ! ïè .
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Essentially three types of behaviour can be observed:
1) The elongational viscosity is independent of tensile strain rate (so called Troutonian 
behaviour)
2) The elongational viscosity decreases with increasing tensile strain rate (tension 
thinning)
3) The elongational viscosity increases with increasing tensile strain rate (tension 
thickening).
4.2.6 Capillary rheometry
Both capillary and parallel plate rheometers have been used extensively to characterise 
the rheological behaviour of polymer/ceramic compositions. Of the two techniques, 
capillary rheometry is usually favoured for evaluating feedstock intended for injection 
moulding, since it models the conditions at the nozzle on a small scale (Edirisinghe, 
1997a). In a capillary rheometer, shown schematically in Figure 4.5, material is forced 
through a capillary tube by means of a piston.
Piston
Feedstock
Extrudate
Pressure sensor
Capillary
Thermocouple
Figure 4.5: Schematic view of a capillary rheometer.
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The material is extruded at either a constant stress or a constant strain, usually the latter. 
The shear stress, r, apparent sheai* rate, , and apparent sheai* viscosity, tja, can be 
calculated from the following relationships:
AP • Tir^  AP • rT  = I titL 2L 4.15
. _ 4 Q  _ 4 V
Ttr t^ 4.16
Pm' F r f
%LQ SR^LV 4.17
where P is the pressur e exerted by the piston; F  is the force on the piston; r is the radius 
of the capillary; L is the length of the capillary; R is the radius of the barrel; Q is the flow 
rate; F  is the volume of extruded material; and t is the extrusion time.
The equations for the calculation of an elongational viscosity from capillary rheometry 
data are as follows:
CTr = 3AP, f r V l1- —
- I
4.18
4.19
where AP^ is the pressure drop associated with the elongational stress, ; 7/g is the 
elongational viscosity; and Û is the angle of convergence (see Figure 4.5).
As the rheometer piston moves at a constant speed, the cross-head speed is a direct 
measure of the shear rate. The above expression for shear rate (equation 4.16) is based 
on Newtonian flow behavioui*. For materials that do not show Newtonian flow, a 
correction must be applied to calculate the shear rate at the capillary wall.
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Transformation between the appaient shear* rate and the true shear rate at the capillary 
wall is achieved using the Rabinowitsch (1929) equation:
4.20
where is the ti*ue shear* rate at the capillai*y wall, is the apparent shear rate and n
is the power law index. Experience has shown, however, that this additional complexity 
is unnecessai*y. If the Newtonian shear rate is correlated with flow data that has been 
calculated using a Newtonian shear rate, then no error is involved (Crawford, 1987).
The pressure drop, AP in equation 4.15 is the pressure drop due to shear flow along the 
capillai*y. If a pressure transducer is used to record the pressure drop, as shown in 
Figure 4.5, then it will also pick up pressur*e losses at the entrance to the capillary. This 
problem may be overcome by measuring the pressure drop associated with a series of 
capillaries having different lengths. A plot of pressure drop as a function of capillary 
length may be extrapolated to give the pressure dr op for entry into a capillary of zero 
length, Po (Bagley, 1957). An alternative method is to obtain Po directly by using the so- 
called zero length die (Prentice, 1995).
4.3 Experimental studies of rheology
4.3.1 Experimental details
A capillary rheometer (model RH2000, Rosand Precision Ltd, Stourbridge, UK) was 
used to characterise the flow behaviour of the in-house and commercial feedstock 
formulations at a temperature equal to the intended nozzle temperature during injection 
moulding (i.e. 200°C and 160®C respectively). Ten minutes were allowed for the 
feedstock to reach thermal equilibrium after charging the barrel. Measurements were 
made using a ‘long’ die and a ‘zero’ die; the long die had a capillary length of 16 mm and 
the zero die had no effective land length. Both dies had a diameter of 1 mm and an 
entrance angle of 90°. The piston velocity was varied to obtain shear* rates across the 
range 10-1000 s \  A pressur e transducer situated adjacent to the die entrance measured
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the pressure drop across the length of the die. Output from the transducer was fed, via 
an analogue-digital converter, to a computer. Proprietary software supplied by the 
instrument manufacturer was used to calculate the rheological data and perform 
corrections for entrance effects. The uncorrected shear rate was used during the data 
analysis.
4.3.2 Results and discussion
4.3.2.1 Shear viscosity
Plots of log shear viscosity {rf) versus log shear rate (y )  show that all of the 
formulations display shear thinning behaviour in the shear rate range 1 0  to 1 0 0 0  s'% as 
shown in Figure 4.6. The shear viscosities at a shear rate of 100 s ' for each formulation 
are compared in Table 4.1 .
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Figure 4.6: Shear viscosity versus shear rate for the in-house and commercial
feedstock formulations at the respective processing temperature
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Table 4.1 : Shear viscosity -  Comparison of formulations
Feedstock Formulation Shear Viscosity (Pa s) 
(at y “  1 0 0  s‘^ )
In-house 
(at 200°C)
M2 329
M4 798
Commercial 
(at 160°C)
HM55 316
HM58 473
HM60 517
The commercial feedstock formulations differ from each other only in theii* concentration 
of ceramic. The formulations show an increase in viscosity with increasing volume 
fraction of ceramic. This trend is as expected, since the viscosity of highly concentrated 
suspensions tends to infinity as the concentration approaches the volume fraction for 
maximum packing, (j},n (Kroschwitz et a l, 1987).
Dui’ing the preparation of the in-house formulations, it was the intention to keep the 
volume fraction of ceramic constant and to investigate minor changes in the binder 
composition. The concentration of ceramic in formulations M2 and M4 differs by less 
than 1% (see Table 3.2). Therefore, any difference in shear viscosity between these 
formulations may be attributed to the binder composition.
With reference to Table 3.2, the most obvious difference between formulations M2 and 
M4 is the concentration of microcrystalline wax, with M2 containing approximately 11% 
by volume more than M4. The sheai’ viscosity of M4 is more than twice that of M2 at a 
shear rate of 100 The higher concentration of microcrystalline wax in formulation 
M2, therefore, may lead to an apparent decrease in sheai’ viscosity.
Whilst the above may be true, it is unlikely to account for such a large discrepancy in the 
observed sheai' viscosity. The higher concentration of a low molecular weight 
component may have promoted the onset of ‘wall slip’. Wall slip is a term used to 
describe the phenomena which lead to a reduction in concentration of a suspension 
adjacent to the capillary wall and is characteristic of formulations that employ a low
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viscosity binder (Malkin, 1990). The result of wall slip during capillary rheometry is a 
reduction in the measured shear viscosity (Baines et a l, 1989).
It has been stated that dui’ing ceramic injection moulding, sheai’ rates vary between 100 
and 1000 s'' and that flow dui’ing moulding requires a viscosity of less than 1000 Pa s 
(Mutsuddy, 1983). Thus a feedstock that produces a viscosity of less than 1000 Pa s 
within the shear rate range 1 0 0 - 1 0 0 0  s'‘ can be regarded as a usable formulation 
(Edirisinghe and Evans, 1987b; Ediiisinghe and Evans, 1987c; Mutsuddy, 1983). All of 
the formulations evaluated met the above criterion (Table 4.1). This ‘rule of thumb’, 
however, fails to take into consideration the complexity of the mould. Whilst such a 
statement may hold true for moulds of simple cross section, it is an over simplification 
when the feedstock must travel a tortuous route to fill the extremities of the mould 
cavity. The sheai’ rate will vary as material flows through channels of differing 
dimensions and configurations, causing the viscosity to vary accordingly. The fact that 
the feedstock viscosity increases as it cools on contact with the mould cavity further 
complicates the situation. Therefore, it would be unwise to select a feedstock based on 
this criterion alone.
4.3.2.2 Flow behaviour index
All of the formulations fitted a linear relationship when shear stress was plotted against 
shear rate on a logarithmic scale (Figure 4.7). The foi*mulations can be said, therefore, 
to obey the power law model (equation 4.2). The values of n obtained firom the plots, 
together with the correlation coefficients, are given in Table 4.2.
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Figure 4.7: Power law relation for the in-house and commercial feedstock
formulations at the respective processing temperatures.
Table 4.2: Flow behaviour index -  comparison of formulations
Feedstock Formulation Flow behaviour 
index (/t)
Correlation 
coefficient {^)
In-house M2 0.13 0.99
(at 200°C) M4 0.18 0.98
Commercial HM55 0.69 0.97
(at 160°C) HM58 0.67 0.99
HM60 0.62 0.99
The significance of the flow behaviour index is best illustrated with reference to Figure 
4.8, which shows the effect of progressively decreasing i.e. increasing the degree of 
shear thinning. For materials that display Newtonian behaviour (w=l), the flow firont 
assumes a parabolic form as shown. As the value of n decreases, the velocity profile 
adopts an increasing plug-like nature with, effectively, only a thin layer of material near 
the capillary wall being sheared.
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Figure 4.8: The velocity profile for laminai* flow of power law fluids in a capillary.
During capillary rheometry, it is extremely difScult to ascertain if a material is displaying 
a high degree of shear thinning or whether wall slip is occurring, as both effects give rise 
to low values of n. To ascertain the occuirence of slip flow it is necessaiy to perform 
rheological measurements at sheai' rates below those typically of interest in moulding 
applications. Huzzai’d and Blackburn (1998) investigated the rheological behavioui* of 
concentrated alumina suspensions over an extended shear rate range from 0.5 to 150 s '\ 
The data collected allowed a flow curve to be constructed that cleaily showed three 
behavioural regions. At shear stresses below 30 kPa the curve represented flow due to 
shear and the lower apparent viscosities observed above 45 kPa were attributed to wall 
slip behaviour. The range of shear stress from 30 to 45 kPa was identified as a 
transitional region, where the flow mechanism exhibited elements of both shear and slip 
flow.
In the absence of the reliable data at such low shear rates, for the case of highly 
concentrated suspensions, a very low value of n usually implies wall slip. It is a 
reasonable assumption, therefore, that formulations M2 and M4 are prone to exhibit wall 
slip, based on their low values of «, (Table 4.2), especially when the low viscosity of M2 
is taken into account (Table 4.1).
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4.3.2.3 Yield stress
The yield stress of the feedstock has been identified as a property that will affect 
successful injection moulding. It is claimed that formulations that display a high yield 
stress tend to inject into the mould cavity like a thread of ribbon that coils upon itself, 
with a propensity to tiap air and induce mechanical weakness (Mutsuddy, 1983). The 
Herschel-Bulkley model (equation 4.4) and Casson model (equation 4.5) have both been 
employed to estimate the yield stress of feedstock for ceramic injection moulding.
The Herschel-Bulkley model was applied by Edirisinghe and Evans (1987b) in an 
attempt to determine the yield stresses of a number of feedstock formulations. The 
conclusion was, however, that a yield stress cannot be reliably deduced from capillary 
rheometer data recorded for shear rates above 100 s \  Huzzai'd and Blackburn (1998) 
also concluded that, in the case of concentrated suspensions, investigation of the flow 
curve at low shear rates is necessary to predict thb accurately.
In a latter publication by Edfrisinghe et a l (1992), a hybrid approach was adopted. 
Firstly, the data were fitted to the power law model (equation 4.2) to obtain the flow 
behavioiu' index and, in a second step, to the Casson model to obtain yield stress values. 
Subsequent authors (Liu and Tseng, 1998; Tseng et a l, 1999) have also adopted this 
approach. Pabst et a l (1999) criticised this two step fitting procedure, however, 
arguing that for a unified approach, the Herschel-Bulkley model should be applied in all 
cases to describe the rheological behaviour of ceramic feedstock.
As far as the present work is concerned, the rheological data were fitted to both the 
Herschel-Bulkley model (Figure 4.9) and the Casson model (Figure 4.10). The yield 
stress values obtained fiom each model, together with correlation coefficients, are given 
in Table 4.3.
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Figure 4.9: Plots of shear stress, r, versus (shear rate, y )" [Herschel-Bulkley model,
equation 4.4] for the in-house and commercial feedstock formulations at 
the respective processing temperatures.
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Figure 4.10: Plots of (shear stress, versus (shear rate, [Casson model,
equation 4.5] for the in-house and commercial feedstock formulations at 
the respective processing temperatures.
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Table 4.3: Yield stress -  Comparison of formulations
Feedstock
Formulation
Herschel-Bulkley Model Casson Model
T^ yHB (kPa) ?ÿc(kPa)
In-house 
(at 200°C)
M2 2 3 J 0.98 33.8 0.92
M4 1.8 0.98 54.8 0.94
Commercial 
(at 160°C)
HM55 6.3 0.97 5.5 0.96
HM58 7.5 0.99 8.3 0.96
HM60 2.6 0.99 11.4 0.97
A lineal' relationship was found to exist when t  was plotted as a function of y ”, with 
correlation coefficients in the range 0,97-0.99. The Herschel-Bulkley yield stress, Ty„g,
was determined fiom the intercept on the shear stress axis when y" was extrapolated to 
zero.
A linear relationship was also found to exist when was plotted as a function of ^ , 
with correlation coefficients in the range 0.92-0.97. The Casson yield stress, Tyc, was 
determined fi'om the square of the intercept when ^  was extrapolated to zero.
With the exception of HM55, the Casson model has predicted higher yield stress values 
for the feedstock formulations. At best, the discrepancy between values predicted by the 
two models is less than 1 kPa (formulation HM55 and HM58). For formulation M4, 
however, the Casson yield stress is almost 30 times higher than the Herschel-Bulkley 
yield stress.
The Casson yield stress values for the commercial formulations increased with increasing 
volume fraction of ceramic, in accordance with the findings of Edirisinghe et a l (1992) 
for alumina-polypropylene suspensions and Liu and Tseng (1998) for zficonia-wax 
suspensions. Both in-house formulations exhibited significantly higher Casson yield 
stress values than the commercial formulations. As with shear viscosity (section
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4.3.3.1), the higher concentration of microcrystalline wax in formulation M2 may 
account for the apparent 40% reduction in the Casson yield stress, with respect to 
formulation M4.
Although the correlation coefficients are higher for the Herschel-Bulkley model than the 
Casson model, indicating a better data fit, the values obtained for formulations M4 and 
HM58 are much lower than would be expected. The conflicting results may be taken as 
validation of the hybrid approach.
4.3.2.4 Elongationai viscosity
Attempts to relate the rheology of ceramic feedstock to its behaviour during injection 
moulding have concentrated on shear flow properties. Elongationai viscosity, and its 
importance to ceramic injection moulding, has received scant attention by researchers in 
this field.
All of the formulations evaluated displayed tension thinning behavioui", i.e. the 
elongationai viscosity decreased with increasing tensile strain rate. The elongationai 
viscosity was evaluated at a tensile strain rate numerically equal to (where f  = 100 s'
\  using a curve fitting equation obtained fi:om a plot of elongationai viscosity versus 
tensile strain rate (Figure 4.11). Correlation coefficients were greater than 0,98 for all 
formulations evaluated. The use of this convention to relate strain rates in extension and 
sheai*, together with the sheai’ viscosity data presented in Table 4.1, allowed the 
calculation of the Trouton ratio (equation 4.14). The values thus obtained for 
elongationai viscosity and Trouton ratio are presented in Table 4.4.
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Figure 4.11: Elongationai viscosity versus tensile strain rate for the in-house and 
commercial feedstock formulations at the respective processing temperatures.
Table 4.4: Elongation viscosity -  Comparison of formulations
Feedstock Formulation Elongationai 
Viscosity (kPa s)
at f  = -^= 58 s’* 
(where y = 100 s ')
Trouton ratio
In-house M2 38 116
(at 200°C) M4 30 38
Commercial HM55 6 19
(at 160°C) HM58 12 25
HM60 14 27
The elongationai viscosities of the commercial formulations increased with increasing 
volume fraction of ceramic, as observed for shear viscosity (Table 4.1). With respect to 
the in-house formulations, however, the elongationai viscosity of M2 is greater than M4, 
in contradiction to the respective shear viscosities. The lower shear viscosity of M2,
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compared to M4, was attributed to the higher concentration of microcrystalline wax in 
its formulation. In terms of the elongationai viscosity, however, the microcrystalline wax 
is found to have the converse effect.
The shear viscosities of all formulations are typically of the same order, whereas the 
elongationai viscosities of the in-house formulations are significantly higher than those of 
the commercial formulations.
It was stated in section 4.2.5 that, in terms of the Trouton ratio, any depai’ture fi'om the 
value of 3 can be associated with viscoelasticity. All formulations can, therefore, be 
considered viscoelastic, especially formulation M2 with a Trouton ratio value of 115, 
approximately 3 times greater than the second highest value of 38 (formulation M4).
4.4 Concluding remarks
A comprehensive rheological characterisation of the in-house and commercial feedstock 
formulations has been presented in this chapter. The results provide an indication of 
how the material will behave during injection moulding, based on knowledge of the 
rheology of concentrated suspensions and prior work in this aiea. All of the 
formulations investigated meet the proposed criteria, based on shear flow behaviour, for 
suitable ceramic injection moulding formulations. The limits of elongationai viscosity, 
however, with respect to ceramic injection moulding, have not as yet been proposed.
Capillaiy rheometry is an idealised condition and cannot account for the effects of 
moulding paiameters, such as screw speed and geometry, injection rate and back 
pressui e, which influence the state of the melt prior to injection. The true significance of 
the results presented here will only be appai'ent after injection moulding trials. The 
injection moulding process is the subject of Chapter 5.
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CHAPTER FIVE 
INJECTION MOULDING 
5.1 Introduction
This chapter begins with a general description of the injection moulding process and the 
types of machines available. This is followed by an account of the initial moulding trials 
undertaken during the manufacture of the 1-3 preform mould by an outside vendor. The 
fabrication of the mould is then discussed with a brief explanation of its operation and 
some of the more pertinent design features. This is followed by an account of the 
problems presented by the mould geometry and the methodology adopted to overcome 
them. The chapter concludes with an explanation of the steps taken to optimise the 
process.
5.2 The process
The earliest injection moulding machines were of the plunger type as illustrated in Figure 
5.1a. In this type of machine a pre-determined quantity of moulding material drops from 
the feed hopper into the bairel. The plunger then conveys the material along the barrel 
where it is heated by conduction from the external heaters. The molten material is then 
forced under pressure through the nozzle into the mould cavity. In order to improve 
heat transfer, a torpedo (or spreader) is often fitted as shown.
Although the high wear rates encountered with moulding ceramics aie less costly in this 
type of machine (Mangles and Trela, 1984), there are a number of inherent 
disadvantages which can make it difficult to produce consistent mouldings. There is 
little mixing of the material duiing the process, resulting in poor homogenisation of the 
molten feedstock. It is difficult to meter the shot size accurately, since metering is on a 
volume basis; any variation in the density of the material will alter the shot weight. The 
plunger is compressing material which is in a variety of forms (varying fr om solid granule 
to a viscous melt), therefore, the pressure at the nozzle can vaiy considerably from cycle
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to cycle (Crawford, 1987). As a result of these disadvantages the plunger type injection 
moulding machine is an almost obsolete design.
a) NOZZ LE TORPEDO F E E D  H O P P E R
H E A T E R
S C R E W  DRI VE 
MOTOR
Figure 5.1: Plunger type (a) and reciprocating screw type (b) injection moulding
machine (Rosato, 1986).
Today the reciprocating screw type injection moulding machine, shown in Figure 5.1b, is 
used predominately. In this type of machine an extruder type screw in a heated barrel 
performs a dual role. The screw rotates in the normal way to transport, melt and 
plasticise the material in the barrel but is also capable, whilst not rotating, of moving 
forward like a plunger to inject the melt into the mould. A typical injection moulding 
cycle begins with the plasticising of the feedstock in readiness for injecting into the 
mould. As the feedstock moves forward, conveyed by the action of screw rotation, it is 
heated due to a combination of frictional heat generation and heat conducted from the 
barrel heaters. When the temperature of the feedstock exceeds its melting point, a melt 
film forms at the barrel surface. The proportion of solid to molten material progressively 
reduces until a point is reached where molten feedstock flows over the screw tip to the 
space between the tip and the nozzle.
For ceramic injection moulding, the action of the screw provides additional mixing and 
homogenisation of the feedstock prior to moulding. To increase the degree of mixing 
achieved in the barrel, a back pressure can be applied to the screw which acts as an
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opposing force as it attempts to move backwards. The net effect of this is that more 
power is required to move the screw which, in turn, increases the mixing action on the 
material.
Once there is a sufficient amount of material in front of the screw to fill the mould, the 
screw stops rotating. If the previous moulding has not been ejected, there will be a short 
period where the material is idle in the bairel, known as the ‘soak’ or ‘idle’ time, which 
should be kept to a minimum to reduce the risk of material degradation.
a
runner
During the injection stroke, pressure exerted on the melt increases rapidly to 
magnitude that corresponds to the flow resistance of the melt in the nozzle, sprue, m 
and cavity. Typically, the pressur e is var ied to control the speed of the advancing screw 
to maintain a constant injection rate.
When the injection stroke ends, additional feedstock must be pushed into the cavity to 
compensate for volumetric changes during cooling. If too much material is forced in, the 
moulding will be highly stressed, resulting in sticking or cracking on ejection. The hold 
pressure is the pressure exerted on the moulded part during a secondary pressur'e stage. 
Both the magnitude and the dur ation of the hold pressur e are critical for dimensional 
accur acy. The time between the end of the holding stage and the point at which the 
moulding has cooled sufficiently to allow ejection, without distortion or damage, will 
depend on the mould temperatur e and the thermal char acteristics of the feedstock.
5.3 Initial moulding trials
5.3.1 Introduction
Prior to the fabrication of the 1-3 preform mould by the outside vendor, some initial 
moulding trials where conducted using a simple bar-shaped mould. Also, a number of 
modifications to the injection moulding machine were necessary, the natur e of which ar e 
discussed below. The initial moulding trials were conducted with the in-house feedstock 
formulations M2 and M4, to establish the effects of moulding parameters, such as
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pressure and temperature, on part quality. In addition, these trials produced a number of 
specimens for use in binder removal and sintering studies (see Chapter 6).
As mentioned in section 3.4.2, the in-house and commercial formulations were not 
evaluated in parallel. It was not until moulding trials were conducted with the 1-3 
preform mould that complications between the in-house formulation and the new mould 
were exposed. The problems encountered are dealt with separately in section 5.5.2.
5.3.2 Machine modification
A Negri Bossi NB 90 (John Brown Plastics Machinery Ltd., Warwick, UK) 
reciprocating screw machine was employed during the course of this study. Details of 
the machine’s specifications ai'e given in Table 5.1.
This paificulai* machine had no prior history of use with ceramic materials. Therefore, 
minor modifications were necessary before moulding trials could commence. The 
existing screw tip possessed a sliding ring non-retuin valve (Figuie 5.2a) to prevent 
material backflow along the screw channel during injection. Although this configuration 
allows good control of pressure, it is only suitable for low melt viscosity, thermally stable 
polymers.
Table 5.1: Negri Bossi NB90 machine specifications
Screw diameter (mm) 38
Screw speed range (ipm) 10-270
Maximum shot size (cm^) 170
Maximum clamping force (kN) 885
Maxiumum hydraulic pressure (MPa) 14
Maximum hydraulic ejector stroke (mm) 90
Platen dimensions (mm) 560 X560
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The original screw tip was therefore replaced with a ‘smearhead’ (Figure 5.2b). This 
design is employed for moulding higher melt viscosity polymers or those that tend to 
degrade due to stagnation and has proved effective for moulding ceramics (Mutsuddy 
and Ford, 1995). With this arrangement some backflow may occur but is minimised by 
the reduction in flow area obtained from the elevated land region of the smearhead 
(Nunn, 1986).
R ing in b ack  p o s it io n  
d urin g in jec tio n
R ing in forw ard  
p o s it io n  d uring  
screw  r o ta tio n
a) S lid in g  ring n o n  return valve.
b) Sm earhead
Figure 5.2: Injection moulding screw tip configurations (a) sliding ring non-return
valve and (b) smearhead (Nunn, 1986).
5.3.3 In-house feedstock formulation
The feedstock was dried at 50®C, under vacuum, for approximately 24 horns prior to 
injection moulding. Specimens of dimensions 64 mm x 12 mm x 3 mm were produced 
using a single gated test bar mould, as shown in Figure 5.3.
Originally designed for plastics, the mould was not ideal for ceramic injection moulding. 
The machine/mould arrangement allowed no direct control over mould temperature. 
Consequently, the early mouldings were difficult to eject without breaking, had a poor 
surface finish and a high incidence of moulding defects. The mould was subsequently
Injection Moulding 76
modified to accept an oil circulating heat exchanger (Conair Churchill Ltd, Uxbridge, 
Middlesex, UK). With the additional control over the mould temperature and by careful 
adjustment of the machine parameters, it was possible to produce macro defect free 
mouldings. Care was taken to avoid contamination by purging the machine with 
polypropylene prior to moulding.
Figure 5,3; Bar specimens produced during initial injection moulding trials
Processing parameters established for the production of bar specimens from the in-house 
feedstock formulations are given in Table 5.2. Both in-house formulations produced 
acceptable mouldings. Formulation M4, however, was deemed more suitable for the 
production of 1-3 preforms. It was thought that the higher ratio of polypropylene to 
microcrystalline wax in formulation M4 would improve the green strength of the 
mouldings during ejection and subsequent handling. The rheological behaviour of the 
formulations was not a consideration at this stage. The processes of binder removal and 
sintering for the bar specimens are documented in Chapter Six.
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Table 5.2: Injection moulding parameters used in the production of bai* specimens.
Injection rate cmVs 207
Injection pressuie (MPa) M2 6
M4 7
Shot size (mm) 20
Barrel temperatuie profile 
Feed to exit (°C) 2 0 0 -2 1 0 -2 2 0
Nozzle temperature (®C) 230
Mould temperature (°C)
M2 50
M4 55
5.4 Mould design and fabrication
MNB Mould Services Ltd (MNB), Birmingham, UK, were commissioned to fabricate 
the mould for the production of 1-3 preforms. A major difference between traditional 
polymer injection moulding and ceramic injection moulding is that, in the case of the 
later, the moulds are oversized to account for the additional shrinlcage on sintering. 
Therefore, it was necessary to provide MNB with the desired dimensions of the preform 
after sintering and a shrinkage fector associated with the ceramic feedstock.
The dimensions of the preform, such as pillar height and diameter, were chosen to 
conform to design parameters previously established by DERA (Mullins, 1995). A 
schematic of the preform, detailing the desired dimensions on sintering, is given in Figure 
5.4.
The bar specimens produced during the initial moulding trails were used to calculate a 
linear shrinkage factor for formulation M4. During sintering, bars moulded from M4 
were found to shrink by 18.6% (linear), when compared with the ‘as moulded’ 
dimensions.
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Figure 5.4; Intended dimensions of the sintered ceramic preform
With the above information, MNB designed a single impression injection mould for the 
production of 1-3 preforms, based on the design shown in Figure 5.5. To facilitate 
ejection of the preform, the mould cavities for the pillai*s were designed with a taper 
angle of 0.6® included. To what extent the tapered pillars would effect the performance 
of the transducer was unknown at this stage.
The mould supplied to DERA by MNB is shown in Figure 5.6, fitted to the Negri Bossi 
injection moulding machine. The operation of the mould is illustrated schematically in 
Figure 5.7
The mould was a three-plate design. Plates 1 and 2 form the section of the mould that 
was attached to the fixed platen of the injection moulding machine and plate 3, which 
contained the mould cavity and ejection mechanism, was attached to the moving platen. 
Plate 1 provided the interface between the nozzle of the injection unit and the mould via 
the sprue. Correct alignment between nozzle and sprue was achieved with the aid of a 
locating ring on plate 1, During injection the nozzle tip was forced against the sprue 
busliing with sufficient pressure to attain a good seal.
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Figure 5.5: Design specification o f the 1-3 preform mouldmw%t
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Figure 5.6: 1 -3 preform mould fitted to the Negri Bossi injection moulding machine
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Figure 5.7: Schematic of mould operation
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Plate 1 also contained a heating element to maintain the sprue at the nozzle temperature 
thus avoiding the need to retract the injection unit during each cycle to remove solidified 
feedstock.
Plate 2 contained the runner system, designed to distribute the flow of feedstock fiom a 
single point of injection, to an array of sixteen gates that fed into the mould cavity. The 
gate is a small orifice that restricts the flow of feedstock into the mould cavity. Its 
purpose is to solidify the material as soon as the cavity is full, allowing removal of the 
pressure at the machine while the material in the cavity cools. The intention of the multi­
gate design was to minimise density variations in the preform. During the mould 
opening stage of the injection cycle, it was necessary to manually remove solidified 
feedstock fiom the runner system. Separ ation between plates 1 and 2 was maintained by 
a spring mechanism during this stage.
Plate 3 contained the female impression of the 1-3 preform and the ejection mechanism 
to facilitate removal of the part fi’om the mould. Essentially, the mould consisted of 400 
identical cavities, in a 20 x 20 ar ray, which formed the pillars of the preform. The cavity 
for the preform base plate was located in plate 2. Under correct moulding conditions, 
the base plate remained attached to the pillars in plate 3 when the mould was opened. 
Each of the 400 pillar cavities had an associated ejector pin. To accomplish ejection, 
pressure was applied to the ejector plate, which caused the ejector pins to move forward 
in unison, pushing the component fiom the mould. In addition to removing the preform, 
the ejector pins performed a self-clean function, ensuring the cavities were clear of 
feedstock prior to the next cycle.
5.5 Injection moulding 1-3 preforms
5.5.1 Introduction
On delivery of the mould, effort was concentrated on the production of 1-3 preforms. 
The in-house feedstock for*mulation, M4, was thought to be suitable for the purpose, due 
to the successful production of the bar specimens during the initial moulding trials.
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Furthermore, the rheology of M4 was consistent with the only known guidelines to have 
been proposed for ceramic injection moulding, i.e. a shear viscosity of less than 
1000 Pa s at a shear rate of 100 s'‘ (Edirisinghe and Evans, 1987b; Ediiisinghe and 
Evans, 1987c; Mutsuddy, 1983). It was not clear at this stage to what extent other 
factors, such as yield stress and elongationai viscosity (see Chapter 4) would affect the 
moulding operation. The moulding difficulties experienced with the in-house 
formulation and the subsequent adoption of the commercial formulation are explained 
below.
5.5.2 In-house feedstock formulation
Initially, the moulding conditions determined for the production of bai* specimens were 
employed (Table 5.2) except that the shot size was increased from 20 to 40 mm to 
accommodate the volume increase presented by the mould/runner system. It soon 
became apparent, however, that these moulding conditions were unsuitable for the new 
mould configuration. In par ticular, the dimensions of the gate appear ed to present an 
unacceptable restriction to the flow of feedstock into the mould cavity.
In an attempt to overcome this problem, the injection pressure and rate were increased. 
During the rheological characterisation, it was established that formulation M4 displayed 
shear* thinning behaviour*. Therefore, by increasing the rate of injection it was anticipated 
that the accompanying reduction in feedstock viscosity would permit mould filling. At 
an injection rate of 332 cm  ^ s'^  and an injection pressure of 10 MPa the cavity filled 
par*tially. It was necessary, however, to increase the pressure on the ejector plate to 15 
MPa before the moulding could be removed from the cavity. Problems with ejection are 
typical of residual pressure in the cavity after* the moulding has cooled, caused by too 
high an injection pressure. Since pressure acts in all directions, the residual lateral 
pressiue makes ejection difficult as the moulding binds or sticks in the cavity (Brydson, 
1990).
The increased ejection pressure was sufficient to cause a slight rotation (or cocking) of 
the ejector plate, resulting in the breakage of 3 ejector pins. The loss of thr ee ejector 
pins was thought to be insignificant and the moulding trials continued. It was later
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identified, during an overhaul of the mould, that the broken ejector pins had caused 
minor damage to the ejector plate. The damage can be seen clearly in Figure 5.8.
Figure 5.8: Ejector plate showing damage caused by broken ejector pins.
Since increasing the injection pressure and rate had proved unsuccessful, attention was 
focussed on the mould temperature. It was thought that the flow of material to the 
mould cavity could be increased if the temperature of plates 1 and 2 could be maintained 
at the softening point of the feedstock (approx. 100®C). This was achieved by installing 
a ball valve in the flexible hosing connecting the oil circulating heat exchanger to plate 3. 
With this arrangement the flow of oil to plate 3 could be restricted, creating the desired 
temperature differential. It was not possible to validate this approach, however, as 
differential expansion of the guide pins on plates 2 and 3 prevented the mould fi'om 
closing.
The ceramic volume fraction of M4 was approximately 62%. A reduction in the ceramic 
content was now proposed, to improve the flow behaviour. Keeping the same ratio of 
polypropylene to microcrystalline wax to stearic acid as M4, a series of formulations 
were prepared with a stepwise reduction in the ceramic volume fraction. The 
formulations were identified as M4(55), M4(50), M4(40), and M4(30); the value in 
parenthesis indicates the ceramic volume fraction of the formulation. Moulding trials
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with the modified formulations revealed that it was necessary to reduce the ceramic 
volume fraction to 30% to obtain a complete 1-3 preform moulding. Clearly, mouldings 
with a volume fr action of ceramic as low as 30% ai e unsatisfactory, since they would not 
maintain thefr integrity during the binder removal stage.
Two options now existed to achieve the aims of the project, either the mould needed to 
be retuined to the manufactuier for modification or an alternative binder system needed 
to be investigated. Retuining the mould would have meant unacceptable delays to the 
programme. As the commercial binder system, HOSTAMONT EK583, had been 
identified from an eailier literature review, a 25 kg batch was obtained from the UK 
subsidiary of the manufacturer, Clarient Gmbh, Gersthofen, Germany.
5.5.3 Commercial feedstock formulation
The formulation of feedstock based on the commercial binder system has already been 
described in Chapter 3, section 3.3.3. Three formulations were evaluated, designated 
HM60, HM58 and HM55 with ceramic volume fractions of 60%, 58% and 55% 
respectively. Duiing moulding trials all formulations produced acceptable mouldings. 
Mouldings produced with formulation HM60, however, had a greater incidence of 
visible defects and were difficult to eject without the baseplate breaking. Therefore, 
after the initial evaluation of the binder, all further work from this point was conducted 
with formulation HM58, which provided a reasonably high ceramic content in 
combination with good processing characteristics.
The capability of injection moulding, as a net shape fabrication technique for 1-3 ceramic 
preforms, was established with the commercial feedstock formulation. The moulding 
operation, however, was not optimised. A greater understanding of the machine and the 
interrelation between moulding parameters was required before the process could be 
considered commercially viable. The optimisation of the moulding parameters is detailed 
in section 5.6.
The question remained, however, of why the in-house formulation failed and the 
commercial formulation succeeded. It was thought that the rheological characterisation,
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detailed in Chapter 4, would provide the answer. The relation between the rheology of 
the formulations and theh moulding behaviour is discussed in section 5.7.
5.6 Optimisation of moulding parameters
5.6.1 Introduction
Investigations of the moulding parameters that influence ceramic injection moulding 
usually contain a caveat that the process conditions determined are only valid for the 
feedstock and mould geometry studied. It is generally agreed, however, that the 
variables that most affect the process are the injection rate, hold pressui'e and mould 
temperature (Mutsuddy, 1987; Tseng, 1998; Tseng and Chiang, 1998). In the present 
study the effect of injection rate and hold pressure on the quality of the moulded 
preforms was investigated. During this investigation, the mould temperature was kept 
constant at 60®C.
5.6.2 Injection Rate
The injection rate is the rate at which the injection stroke can inject plasticised feedstock 
from the barrel into the mould cavity. If the volume of the feedstock can be calculated, 
it is more accurate to consider the injection rate in terms of the volumetric flow rate.
The effect of the volumetric flow rate was investigated by vaiying the velocity of the 
advancing screw during the injection stroke. The hold pressure was kept constant at 
2 M Pa. The velocity of the screw is related to the volumetric flow rate by the following 
equation:
Q  — jjt  * v  = -— -  5.1
where Q is the volumetric flow rate, r is the radius of barrel, v is the velocity of 
advancing screw, I is the distance between screw tip and nozzle exit (shot size) and t is 
the time.
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By varying the screw velocity, preforms could be moulded at different volumetric flow 
rates. The effect of flow rate on the quality of the moulding was investigated by 
measui'ing the density of the pillai s.
The densities of the pillai s were determined by the Aichimedes’ principle. Pillars broken 
from the base plate were first weighed in air. Typically, samples are then weighed in 
water, however, since the commercial binder system is partially soluble in water, the 
pillais were weighed in silicone oil. The density was calculated using the following 
equation:
where ps is the density of the sample, po is the density of silicone oil and Ma and Mo are 
the weight of the sample in air and in silicone oil respectively.
The variation in pillar density across an injection moulded 1-3 preform is shown in 
Figure 5.9 for four different flow rates. At a volumetric flow rate of 83 cm  ^s \  the pillar 
density was found to vary radially from a maximum of 4.0 g cm'  ^ at the centre, to 
3.6 g cm’^  at the extremities of the preform, as illustrated in Figure 5.9a. Increasing the 
volumetric flow rate, in steps of 83 cm  ^ s‘* up to a value of 332 cm  ^ s \  modified the 
pillar density and density variation as illustrated in Figures 5.9b, c and d. Clearly, at a 
volumetric flow rate of 249 cm  ^ s \  the density variation across the preform is at a 
minimum and the individual pillar densities are the highest measured.
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Density g cm' 
■ H  3 .9 - 4 .0
249 cm  ^s'*
c)
Density g cmH 4 .2 - 4 .3  4 .0 - 4 .2
166 cm  ^s‘*
s
Density g cm 
4 .0 -4 .1
-3
3 .8 - 3 .9 3 .9 - 4 .0
3 .7 - 3 .8 3 .7 - 3 .9
3 .6 - 3 .7
332 cm  ^s'*
Density g cm'^
4 .0 -4 .1  
3 .9 - 4 .0  
3 .7 - 3 .9
Figure 5.9: Variation in pillar density as a function of volumetric flow rate
(theoretical density = 4.5 g cm'^)
It was mentioned in section 5.4 that the runner system was designed to redistribute the 
flow of feedstock from a single point of injection to a series of sixteen gates, evenly 
distributed over the area presented by the preform cavity. The distributions illustrated in 
Figure 5.9 show that, although the variation can be minimised by the correct choice of
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volumetric flow rate, the density of the pillars at the extremities of the preform are 
always lower than the central region.
Despite the multi-gate design, the feedstock must travel a greater distance to reach the 
outermost gates than those opposite the point of injection. Since the feedstock is 
continually cooling as it leaves the barrel, the longer flow path means the feedstock 
arriving at the peripheral gates will be at a lower temperature. A decrease in 
temperature will be accompanied by an increase in feedstock viscosity. Under these 
conditions, the peripheral gates vrill freeze before the central gates and before the 
feedstock has been consolidated in the cavity, resulting in density variations. Therefore, 
increasing the volumetric flow rate should improve the density variation by decreasing 
the residence time of the feedstock in the runner system.
A volumetric flow rate of 249 cm  ^ s'" was considered optimum for this particular 
feedstock/mould combination. Decreasing the flow rate below this value only 
compounded the effect discussed above. At flow rates greater than 249 cm  ^ the pillar 
density decreases and a noticable density variation is again observed. This can be 
attributed to the onset of turbulent flow, referred to as jetting. Defects that arise from 
jetting include trapped air pockets, incomplete filling and many weld lines as the 
feedstock coils upon itself.
The theoretical density of the pillars was calculated to be 4.5 g cm' ,^ using the simple 
rule of mixtures. The highest density recorded during the investigation of the volumetric 
flow rate was 4.3 g cm‘^  (i.e. 95.6% theoretical) for a flow rate of 249 cm  ^s \
It was anticipated that an increase in the hold pressure would increase the density of the 
pillars to nearer the theoretical value.
5.6.3 Hold pressure
The hold pressure is the pressure exerted on the moulding during a secondary pressure 
stage. During this stage additional material is forced into the cavity to compensate for 
the volume change during cooling. Therefore, as long as the sprue, runner and gate
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remain unfrozen, changes in the magnitude of the hold pressure will have an effect on the 
moulding density.
The hold pressure was increased, from a base line of 2 MPa, in increments of 0.5 MPa, 
while the volumetric flow rate was kept constant at 249 cm^  s’' (as determined in section
5.6.2) and the mould temperature was again held constant at 60®C. The increase in hold 
pressure was continued until the point at which ejection could not be accomplished 
without significant damage to the moulding. This corresponded to a hold pressure of 5.5 
MPa. The optimum hold pressure, therefore, was taken as 5 MPa, the maximum 
pressure at which mouldings could successfully be ejected. The pillar density and density 
variation across the preform was determined for a moulding produced with a hold 
pressure of 5 MPa, as illustrated in Figure 5.10.
With reference to Figure 5.10, measurement of the pillar densities across the preform 
revealed a similar distribution as previously observed for a volumetric flow rate of 
249 cm  ^ s ' (Figure 5.9c). The measured values, however, were found to have increased 
by approximately 4.5%, bringing the pillar density closer to the theoretical density of 
4.5 g cm’\
a Density g cm'^
H 4.4-4.5 4 .2-4.4
Figure 5.10: The density variation across a 1-3 preform. Moulding conditions: 
volumetric flow rate = 249 cm  ^ s’', hold pressure = 5 MPa and mould 
temperature = 60®C.
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5.6.4 Summary
The moulding parameters established for the production of 1-3 preforms from the 
commercial feedstock formulation, HM58, are given in Table 5,3. Whilst these 
conditions may not be truly optimised, they provide a satisfactory combination for 
consistently defect free mouldings. These conditions were, therefore, employed for the 
production of peforms for binder removal and sintering studies and for subsequent 
fabrication into 1-3 composites for evaluation as hydrophones.
Table 5.3: Injection moulding paiameters established for the production of 1-3
preforms fr om the commercial feedstock formulation HM58.
Iniection rate cmVs 249
Injection pressure (MPa) 8
Hold pressure (MPa) 5
Shot size (mm) 40
Barrel temperature profile 
Feed to exit (°C) 1 4 0 -1 5 0 -1 6 0
Nozzle temperature (®C) 170
Mould temperature (°C) 60
5.7 The importance of rheology
The flow of materials into a mould is an example of constrained flow, that is, the 
boundary is defined by the processing equipment. Such flow is diiven by a pressure 
gradient and the melt tends to adhere to the boundary wall and flow rapidly along the 
central channel. When the boundary walls are parallel, the material adjacent to the walls 
is sheared and in constrained flows sheai' is usually the dominant factor. In injection 
moulding, however, the boundaries are rarely parallel. In such circumstances 
elongational flow is also occurring, superimposed on the effects due to shear. The 
elongational flow concept can be seen from Figure 5.11, by the shape distortion of an 
element through a convergent channel. Since shear and elongational effects result from a
Injection Moulding 91
different deformation mode, one effect may dominate, depending on the geometry of the 
situation.
Figu re 5.11: Elongational and sheai* flow in a convergent channel
The injection moulding machine contains at least one highly convergent tapered section, 
forming the injection nozzle of the machine. In the present case, both the runner and 
cavity possessed a degree of taper, the dimensions of which ar e given in Figure 5.12.
4.0 FEED^ICKNESS
IL5Ü
Figure 5.12: Cross section though component and gate/runner.
During injection, the feedstock is forced to flow through a series of tapered channels of 
decreasing dimensions. Therefore, the elongational viscosity must be a determining 
factor in the flow behaviour of the feedstock through tliis particular* geometry. The
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shear viscosities of the formulations aie typically of the same order (Table 4.1). The 
elongational viscosity of in-house formulation M4, however, is approximately 2.5 times 
greater than the elongation viscosity of the commercial formulation HM58 (Table 4.4). 
The inability to produce an acceptable moulding from formulation M4, therefore, may be 
attributed to its high elongational viscosity. Clearly, the elongational viscosity is an 
important parameter and merits consideration when evaluating feedstock for ceramic 
injection moulding.
5.8 Concluding remarks
A plastics injection moulding machine has been successfiilly modified to allow injection 
moulding of ceramics. Conditions have been established for the production of bar 
specimens firom in-house formulation M4. A reduction in the ceramic loading of 
formulation M4 to 30% by volume was necessary, however, before a perform could be 
successfully moulded and ejected fiom the cavity. The in-house formulation was, 
therefore, abandoned in favour of a formulation based on a commercial binder system 
and a ceramic content of approximately 58% by volume, HM58. Satisfactory conditions 
were subsequently established for the consistent production of 1-3 preforms from 
formulation HM58. The moulding paiameters, injection rate and hold pressure, were 
optimised for this formulation by investigating the variation in pillar* density across the 
preform.
It was thought that the rheological characterisation presented in Chapter 4 could provide 
a reasonable explanation as to the relative success or failure of the formulations 
evaluated. The relatively high elongational viscosity of formulation M4, in addition to 
the complex mould geometry, was thought to account for the moulding problems 
discussed in this chapter.
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CHAPTER SIX 
BINDER REMOVAL AND SINTERING 
6.1 Introduction
This chapter concerns the removal of the organic binder from moulded samples and the 
subsequent sintering process. The two processes are dealt with in separate sections. 
Both sections begin with a brief overview of the factors pertinent to the success of the 
respective process, followed by a description of the experimental procedures employed. 
The results of the experimental work are presented at the end of each section together 
with a discussion ofthefr significance.
6.2 Binder removal
6.2.1 Overview
Removing the binder without disrupting the ceramic particles is a delicate process and 
often considered the most critical stage since it creates the largest relative stresses (with 
respect to strength) on the moulding (German and Bose, 1997). In the past, a lack of 
scientific understanding of binder removal, or so-called debinding, meant that the process 
was excessively long, to avoid sample distortion. Such long debinding times were a 
major obstacle for the economic success of ceramic injection moulding. It is not 
surprising, therefore, that researchers are increasingly applying the techniques of 
mathematical modelling and computer simulation to aid in the understanding of binder 
removal (Edirisinghe, 1988; Edirisinghe, 1997b; Hunt et a l, 1991a; Hunt et a l, 1991b; 
Hunt et a l, 1991c; Matar et a l, 1995; Shaw and Edirisinghe, 1995; Song et a l, 1996a; 
Song et a l, 1996b; Song et a l, 1995).
Binder systems are generally formulated with a major and minor component (section
3.2.2.2). The minor component, typically a low molecular weight wax, is removed 
during the initial stages of binder removal creating a system of pores. As the minor
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component is extracted the major component provides strength and shape retention until 
its removal at a later stage. Debinding depends on binder removal through the surfece 
connected pores, as shown in Figure 6.1. The pores are interconnected such that 
tortuous paths are created thus forcing the escaping binder to travel a distance greater 
than the section thickness.
particle binder
surface
Open pore
Figure 6.1: A model pore geometry showing a point in time during thermal debinding 
where the binder is permeating to the component surface through open 
pores (German and Bose, 1997).
As debinding progresses, the partially saturated pores exhibit two structures, funicular 
and pedular, as illustrated in Figure 6.2. The funicular state occurs first during debinding 
and consists of a connected binder liquid phase interspersed with pores of vapour. As 
binder is removed, isolated pools of binder remain as pendular bonds at the contacts 
between the particles. The pendular bonds give considerable strength to the component. 
When a binder exists in the pendular state, however, it can only be extracted by thermal 
degradation (German and Bose, 1997).
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vapour solid
a) saturated b) funicular c) pendular
Figure 6.2: Structures for differing levels of pore saturation showing the binder and 
vapour placement in the pores between particles (German and Bose, 1997).
A number of binder removal techniques have been identified and are typically classified 
as either solvent or thermal processes. Since the removal of the major binder component 
is always by a thermal process, however, the classification as either one-stage or two- 
stage debinding is more appropriate. Two-stage techniques include processes where in 
the first stage a major part of the binder is removed by means other than thermal. Part of 
the binder is supposed to remain rigid during this first step, while an open pore structure 
is created for easy removal of the residual components by thermal degradation during a 
second stage. In the case of one-stage techniques, the binder is removed in one process 
step by controlled heating. A one-stage process has the principle advantage in that the 
binder can be totally removed in one heating cycle in one device. This is the most cost- 
effective route for mass production. The risk of introducing defects like cracking, 
bloating or slumping, however, is higher than with two-stage processes (Angermann and 
Van Der Biest, 1995).
6.2.2 Experimental
6.2.2.1 Introduction
The removal of the binder fi*om the bar specimens was an example of a one-stage 
process, as the minor components of the in-house formulation were not chosen to be
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readily soluble. Heating schedules for the removal of binder systems that comprise 
polypropylene, microcrystaUine wax and stearic acid are well documented. Therefore, 
the heating schedule proposed by Nogueiia (1992) was adopted for preliminary 
investigations. Minor modifications to tliis schedule were necessary, however, to 
minimise the incidence of defects. The techniques of thermogravimetric analysis and 
differential scanning calorimetry were employed to optimise the heating schedule.
The removal of binder from the 1-3 preforms was an example of a two-stage process, 
since the binder system, HOSTAMONT EK583, contained a water soluble component. 
Owing to the proprietary nature of the binder system, the manufacturer did not provide 
detailed information on its composition. Therefore, the weight fr action of the soluble 
component was unknown. The extraction time, which was a function of the water 
temperatur e and wall thickness of the moulded part, was determined empirically.
6.2.2.2 One stage debinding
The injection moulded bar specimens were supported on alumina tiles (lightly dusted 
with PZT-5H powder) and placed in open crucibles. A chamber furnace (SG Furnaces, 
Witham, Essex, UK) connected to an Eurotherm programmer, capable of temperature 
control to O.UC, was used for binder removal. The specimens were heated at 50°C/hour 
fr om room temperature to 150^C. The temperatiue was held at 150'‘C for a period of 24 
hours to allow thermal equilibrium to be reached, followed by heating at 5®C/hour to 
450®C, to complete the burnout schedule, before allowing the frunace to cool at 
250®C/hour to room temperature. This heating schedule was subsequently modified (see 
Section 6.2.3.1), to provide conditions that gave consistently defect free specimens,
6.2.2.3 Two stage debinding
An injection moulded 1-3 preform was sectioned into nine identical specimens. Eight of 
the specimens were placed in a water bath, maintained at 50®C. After an immersion time 
of one hour*, a specimen was removed from the water bath. Thereafter, a specimen was 
removed fr om the water bath at hourly intervals, up to an immersion time of eight hours. 
All of the specimens were then placed in a vacuum oven and dried at 40°C, under
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vacuum, for a period of approximately 16 hours. On removal from the oven, a pillai* and 
a section of the baseplate were removed fr om each specimen for analysis by differential 
scanning calorimetry. The endotherm associated with the soluble component provided a 
means of determining the extent of binder removal for a given immersion time and 
temperature.
The same apparatus was used for second stage thermal debinding as described in section 
6.2.2,1. The 1-3 preforms were heated at 30°C/hour to 600°C. The temperatui'e was 
held at 600®C for 4 hours before allowing the furnace to cool at 250^C/lioiu* to room 
temperature.
6.2.2.4 Thermal analysis
Thermogravimetric analysis (TGA) of samples taken from the injection moulded parts 
was performed on a thermobalance (Perkin-Elmer TGA7). Samples, weighing 
approximately 10 mg, were heated at lO^^C/min to 600*42 in aii* (oxidative degradation). 
Further samples, weighing approximately 10 mg, were analysed on a modulated 
differential scanning calorimeter (DSC) (TA lnsti*uments DSC2920). As with TGA, the 
samples were heated at 10*C/min to 600°C in air.
6.2.3 Results and discussion
6.2.3.1 Binder removal from bar specimens
The onset and cessation of weight loss for formulation M4 was found to be 
approximately 150°C and 450°C respectively, as determined by thermogravimetric 
analysis (Figure 6.3). Analysis by differential scanning calorimetry identified a number of 
minor transitions that were occurring below 150°C (Figuie 6.4). Further analysis of the 
individual binder ingredients identified the transitions labelled (a), (b) and (d) in Figure
6.4 as the melting points of stearic acid, microcrystalline wax and polypropylene 
respectively. The transition at (c) was attributed to moisture absorption.
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Figure 6.3: Thermogravimetric analysis of in-house feedstock formulation M4
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Figure 6.4: Analysis of in-house feedstock formulation M4 by differential scanning
calorimetry.
The heating schedule proposed by Nogueira (1992) was therefore modified to take 
account of these minor transitions. A comparison of the original and modified heating 
schedules is given in Table 6.1.
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Table 6.1 ; Comparison of original and modified heating schedules.
Stage Original* Modified
Rate
(°C/hour)
Temp.
CO
Hold time 
(hours)
Rate
(°C/hour)
Temp,
CO
Hold time 
(hours)
1 50 150 24 50 50 1
2 5 450 2 5 70 1
3 250 0 END 5 100 1
4 5 150 15
5 5 450 2
6 250 0 END
as proposed by Nogueira (1992)
The number of defects occurring during the binder removal stage was found to decrease 
on implementation of the modified heating schedule.
6.2.3.2 Binder removal from 1-3 preforms
The DSC traces obtained for the pillai* and baseplate specimens are shown in Figure 6.5a 
and 6.5b respectively. The respective traces have been superimposed to illustrate the 
decrease in the endotherm of the soluble component as a function of immersion time. It 
is evident fi'om Figure 6.5a, that the extraction of the soluble binder component fi*om the 
pillai' is complete after six hours immersion in water at 50®C, since the associated 
endotherm is no longer detected by the DSC (Figure 6.5a). The endotherm for the 
soluble binder component is still prominent on the DSC trace for the baseplate after six 
hours immersion under the same conditions (Figure 6.5b).
Since only the pillars of the preform were of interest, the immersion time for first stage 
debinding was taken as six hours. Prolonged immersion of the pillars, after total binder 
removal, may have caused swelling and internal stresses due to water difiusion into the 
network of open pores.
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Figure 6.5: Differential scanning calorimeter traces for (a) pillar and (b) baseplate
specimens after different immersion times in water at 50°C.
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6.3 Sintering
6.3.1 Overview
Sintering is the process whereby a heat treatment is used to convert a powder compact 
into a dense solid. The macroscopic driving force for the densification of a green body is 
the lowering of the total fiee energy of the system by the replacement of solid-vapour 
interfaces with solid-solid interfaces. At the microscopic level, sintering occurs because 
atoms move to fill the pores between particles. The six possible paths along which 
material can travel aie listed in Table 6,2. The paths, illustrated in Figure 6.6, have a 
common driving force, namely the reduction in the surface aiea and thus free energy of 
the system. They are distinguished by the source from which matter is diawn and the 
sink to which it flows. All paths lead to neck growth, however, only paths 4-6 cause the 
particle centres to move together and so permit densification (Ashby, 1974).
The rates of neck growth, shiinkage and densification all depend on the cumulative rates 
of transport by these various mechanisms. During sintering, the initial event is the 
growth of the neck regions. As the necks become larger, they impinge on each other and 
a network of pores connected by grain boundaiies is formed. Grain boundaries are 
important during sintering since atomic transport is faster along these defective regions. 
Thus, sintering is enhanced by retention of small grain sizes (high grain boundaiy 
content) and small pores attached to the grain boundaries.
Grain growth is also a natural process associated with high temperatui'e sintering. 
During grain growth the average grain size in a polycrystalline material increases with 
time. The loss of desirable grain boundaries, especially near pores, greatly inhibits 
sintering.
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Table 6.2: Paths for matter transport during the initial stages of sintering
Path No. Transport Path Soui'ce of matter Sink
1 Siuface diffusion Surface Neck
2 Lattice difihision Suiface Neck
3 Vapour transport Surface Neck
4 Boundary diffusion Grain boundaiy Neck
5 Lattice diffusion Grain boundary Neck
6 Lattice diffusion Dislocations Neck
Figure 6.6; Transport paths which permit diffusion controlled sintering (Ashby, 
1974).
The term liquid phase sintering is used to describe the process whereby a small 
proportion of the material being sintered is in the liquid state. Mass transport is 
accelerated by the formation of a liquid phase that has some solubility for the solid at the 
sintering temperature. The sintering of PZT is predominantly solid state, however, if 
there is excess PbO a small degree of liquid phase sintering will occur (Goo et a l, 1981; 
Kingon and Clark, 1983b; Snow, 1974). The presence of a liquid-phase (excess PbO) 
was found to substantially enhance the densification rate during the initial and 
intermediate sintering stages of PZT ceramics. In compositions containing a large liquid-
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phase concentration (>7%), apparent limiting densities were obtained. The low final 
densities were attributed to localised densification and the formation of lai'ge pores 
(Kingon and Clark, 1983b).
The high vapour pressure of PbO at the sintering temperature complicates successful 
sintering studies of PZT ceramics. The volatilisation of PbO is the most critical factor 
introducing ambiguity to experimental observations, causing variation in defect 
concentration (Holman and Fulrath, 1972), lead non-stoichiometry (Kingon and Clai'k, 
1983a) and undesirable grain boundary phases (Goo et a l, 1981).
Loss of PbO and the resultant variation in composition offect both the densification 
process and the mtrinsic electromechanical properties of the ceramic. To overcome this 
problem researchers have either deliberately added excess PbO during powder 
processing, hoping to compensate for lead losses at the surface of the compact, or 
employed an atmosphere powder possessing a PbO vapoiu' pressure higher than that of 
PZT (Atkin and Fuh*ath, 1971; Snow, 1973a; Snow, 1973b). Additions of excess PbO, 
however, introduce a second phase which may or may not be present after processing 
and which, during the final stages of sintering, can lower the densification rate to an 
unacceptable level (Kingon and Clai'k, 1983b). Atmosphere powders, provided they 
operate in a closed system, enable closer control over the lead content. Atmosphere 
powders that have been studied include: PbZrOa + PbO (Snow, 1973a; Snow, 1973b); 
PbZrOs + Zr02 (Atkin and Fulrath, 1971); Pb(Zr,Ti) 0 3  + Z1O2 + Ti02 and Pb(Zr,Ti) 0 3  
+ PbO (Kingon and Clark, 1983b).
Regardless of the type of atmosphere powder used, the configuration of the sintering 
enclosure is crucial if a fixed PbO content is to be maintained. Early investigations into 
PbO control consisted of embedding the PZT compact in direct contact with the 
atmosphere powder. It has since been shown that if a compact contains excess PbO and 
is in intimate contact with the atmosphere powder then equilibration of PbO activity 
occurs by transfer of the liquid PbO phase. This undesirable condition also results in loss 
of Ti and Zr fi'om the compact with a consequential change in the Ti/Zr ratio and, 
therefore, piezoelectric response. Crucible configurations developed by Snow (1973a;
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1973b) and Kingon and Clark (1983b) enable successful equilibration to be maintained 
between the atmosphere powder and the compact without the need for mutual contact.
6.3.2 Experimental
6.3.2.1 Sintering
The same sintering schedule and crucible arrangement was used for both bar specimens 
and 1 -3 preforms. Due to the volatility of PbO, the components were sintered in closed 
crucibles to maintain a lead rich atmosphere. PZT-5H was used as the atmosphere 
powder. The interface between lid and base was sealed with alumina powder, as shown 
in Figure 6.7. The same furnace as for binder removal was used. The specimens were 
heated to 1260°C at 50°C/hour and soaked atHiis temperature for 4 hours, after which 
the furnace was allowed to cool at 250°C/hour to room temperature.
1-3 preform
PZT 5H powder
Alumina powder
PZT-5H tile
Alumina crucible
Figure 6.7: Crucible configuration
6.3.2.2 Density measurements
Density measurements on the sintered bar specimens and 1-3 preforms were made using 
the Archimedes’ principle (equation 5.2). Measurements were made on a sintered 
preform that had been injection moulded according to the conditions detailed in Table 
5.3. The preform was divided into 3 sections containing approximately 25 pillars, as 
shown in Figure 6.8. Density measurements were made on 8 pillars removed at random 
from each section.
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Figure 6.8: Preform showing sections for density measurements
6.3.2.3 Microstructural characterisation
In preparation for microstructural examination, samples were mounted in conductive 
bakelite, then ground and polished to a 0.25 pm surfece finish using a semi-automatic 
polishing machine (Struers, Planopol-2/Pedemax-2) and resin bonded diamond paper and 
colloidal silica as the grinding media.
Microstructural observation of the polished surfaces of the pillars was performed using a 
CamScan S4 SEM, equipped with a field emission gun (PEG), in secondary electron 
imaging (SEI) mode. The samples were imaged at zero degree specimen tilt, a working 
distance of approximately 10 mm and an acceleration voltage of approximately 8 kV.
Electron back-scatter diffraction (EBSD) data were collected fi'om samples using a 
system supplied by HKL Technology Aps, Hobro, Denmark, and attached to the 
CamScan S4 SEM. EBSD patterns were collected at an operating voltage of 20 kV, a 
specimen current of approximately 10 nA, a specimen tilt of 70 degrees and a working 
distance of approximately 18 mm.
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6.3.3 Results and discussion
6.3.3.1 Sintering
On removal from the furnace, the pillars of the preform were slightly misaligned. The 
degree of misalignment was, however, tolerable and was not thought to pose a problem 
in terms of the final design goals. Therefore, the sintering schedule was not revised.
It was hypothesised that the degree of misalignment could be minimised by inverting the 
prefoiins during sintering, using the weight of the baseplate to pin the pillais thus 
preventing movement. To validate this approach it was necessaiy to invert the preforms 
prior to second stage binder removal, after which the preforms were too fi'agile to 
handle. Remarkably, inverted preforms suivived the binder removal process with no 
visible signs of defects. Considerable pillar deformation was appaient, however, on 
removal of the performs from the fiirnace after sintering.
The degree of shiinkage on sintering is illustrated in Figure 6.9 for both bai' specimens 
and 1-3 preforms. The two feedstock formulations used in the production of bar 
specimens and 1-3 preforms differed in then volume ft action of ceramic. The in-house 
formulation M4 contained approximately 62% by volume ceramic, as opposed to 58% in 
the commercial formulation HM58. As would be expected, therefore, the 1-3 preforms 
displayed a higher degree of shrinkage. The volumetric shrinkage of the bar specimens 
was approximately 30%, whereas for measurements made on single pillars the value was 
closer to 40%.
The results of the density measurements are given in Table 6.3. The bar specimens 
sintered to 98.8% theoretical density. The mean density of the pillars removed from the 
centre section of the preform was higher than the corresponding edge and corner 
sections. The standard deviations quoted for the three sections, however, render the 
differences between the mean values statistically insignificant. The percentage of 
theoretical density values for the respective sections would suggest a significant degree 
of porosity in the pillars.
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Figure 6.9: Pictures showing (a) bar specimens and (b) 1-3 preforms, before and after
sintering.
Density measurements on the bar specimens were easier to perform than on the pillars, 
due to the use of relatively large samples in the case of the former. The scatter in the 
measured pillar densities may be due to experimental error as opposed to any significant 
variation in the sample density. Therefore, caution should be exercised before drawing 
any conclusions fi'om the pillar densities quoted in Table 6.3.
Table 6.3: Results of density measurements
Sample Density (igem )
Bar
specimen
-3 preform
Centre Edge Corner
1 7.39 7.31 6.83 6.72
2 7.40 7.25 7.10 7.04
3 7.32 6.92 6.81 6.74
4 7.34 7.14 7.24 6.59
5 7.37 6.95 6.71 6.82
6 7.39 6.83 6.59 6.91
7 7.35 6.74 7.05 7.21
8 7.34 7.08 7.12 7.03
Mean 7.36 7.03 6.93 6.88
Standard deviation 0.03 0.2 0.23 0.2
% theoretical* 98.8 94.4 93.0 92.3
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Ô.3.3.2 Microstructural characterisation
A scanning electron micrograph of the as-sintered surface of a pillar revealed grain sizes 
ranging from 2 to 7 pm diameter (Figure 6.10). EBSD pattern quality, grain boundary 
and orientation maps are shown in Figure 6.11a, 6.11b and 6.11c respectively, for a 
sample moulded at a volumetric flow rate of 207 cm  ^ s’'. To determine if the injection 
moulding conditions had any effect on the sintered microstructure further samples 
moulded at 41 cm  ^s’' and 373 cm  ^s’' (representing the maximum and minimum injection 
rate capacity of the injection moulding machine), were analysed. The pole figures for the 
samples moulded at the respective flow rates are shown in Figure 6.12. No orientation 
effects were observed in the three samples. It may be concluded, therefore, that the 
injection moulding conditions have no significant effect on the sintered micro structure of 
the ceramic. A summary of the grain size analysis is given in Table 6.4.
Figure 6.10: Scanning electron micrograph (secondary mode) of the surface of a 
sintered pillar.
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Figure 6.11: Micro structural analysis by electron back-scattered diffraction (EBSD): 
(a) pattern quality map, (b) grain boundary map and (c) orientation map.
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Figure 6.12: Pole figures for samples injection moulded with a volumetric flow rate of 
(a) 41 cm  ^s'% (b) 207 cm  ^s'' and (c) 373 cm  ^s''.
Information on EBSD and examples of its application to a range of problems were 
reviewed recently at the 5th Workshop on Electron Backscatter Diffraction held at the 
University of Oxford in April 1998. Papers presented at that meeting can be found in the 
Journal of Microscopy, volume 195, part 3, September 1999.
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Table 6.4: Summary of grain size
Volumetric flow rate 
(cm  ^s ')
Grain size (pm) Grain count
Mean Minimum Maximum
41 2.3 0.6 7.7 5008
207 2.1 0.6 7.6 5760
373 2.3 0,6 8.7 5028
6.4 Concluding remarks
In this chapter, removal schedules for both the in-house and commercial binder 
formulations have been proposed. The technique of differential scanning calorimetry has 
proved an essential tool in determining the temperatui’es at Avhich critical transitions 
occur' during the binder removal process. A sintering schedule and crucible arrangement 
has also been proposed. Microstructural characterisation of sintered pillars revealed 
grain sizes ranging from 2 to 9 pm in diameter. It has also been shown that the injection 
rate does not introduce orientation effects in the sintered ceramic microstruture.
After the sintering stage, the ceramic must be poled to achieve piezoelectric properties. 
The efficiency of the sintering process will determine the degree of polarisation attainable 
in the sample, since porosity dilutes the number of dipoles per unit volume and reduces 
the dielectric break down strength of the ceramic. The fabrication of 1-3 composites 
from the sintered preforms, and their evaluation, are described in the following chapter.
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CHAPTER SEVEN 
COMPOSITE FABRICATION AND EVALUATION 
7.1 Introduction
Following binder removal and sintering, the remaining stages in the fabrication of 1-3 
piezoelectric ceramic/polymer composites are common with the dice-and-fiU method of 
manufacture. This chapter begins with an overview of the factors important to the final 
processing of 1-3 composites and the techniques used to evaluate their performance. 
The experimental procedures employed during composite fabrication and evaluation are 
then described. The results of the experimental work aie presented at the end of the 
chapter together with a discussion of their significance.
7.2 Background information
7.2.1 Poling
To induce piezoelectricity in ferroelectric materials, an electric field must be applied to 
align the domains of the crystallites as near to the field direction as the crystal structure 
allows. This process is called poling. Typically, poling is conducted by applying a large 
DC field to the ceramic in an oil bath. Poling piezoelectric ceramics with the 
conventional DC technique has many disadvantages. In this method both sample sides 
should be electroded and poling is limited to samples of small aiea. Further, local 
breakdown at weak spots short-circuits the electrodes and prevents further poling. In 
order to overcome these problems, the corona dischai'ge technique was developed. In 
this method, charge fi'om the corona point is sprayed onto the unelectroded surface of 
the sample, creating an electric field. If the sample is defective some charge vrill be 
dissipated but the sample will not be entirely shorted due to the absence of electrodes.
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7.2.2 Polymer phase
In hydi'ophone transducers the puipose of the polymer phase is to reduce the 
piezoelectric coupling of laterally applied stress and therefore improve the thickness 
mode response. The material properties of the polymer phase exert a critical influence 
on the behavioui' of 1-3 connectivity composites. Generally, the lower the Young’s 
modulus of the polymer the more efficient the composite. In hydrophone applications 
lower Young’s moduli provide greater sensitivity. In thickness mode applications, the 
lower the Poisson’s ratio of the polymer the more efficient the composite. The desired 
properties of low Young’s modulus and low Poisson’s ratio aie normally mutually 
opposing conditions for viscoelastic materials. Finite element analysis has shown, 
however, that lowering the Poisson’s ratio of the polymer has more influence on the 
hydrostatic response than lowering the Young’s modulus (Bennett and Haywai'd, 1997).
Introducing porosity into the polymer phase is seen as a means of reducing the Poisson’s 
ratio of the polymer. The introduction of porosity may be achieved by using a blowing 
agent or by incorporating hollow microspheres into the polymer. Both methods have 
been reported to be successful in increasing the hydiostatic response of 1-3 composites 
(Huan and Newnham, 1986; Klicker et a l, 1981). The disadvantage of this approach, 
however, is that the sensitivity of the composite is found to be pressuie dependent 
(Fitzmaurice, 1998).
7.2.3 Cover plates
The transfer of lateral stress from the polymer phase to the ceramic pillars generally 
reduces the performance of 1-3 piezocomposites. In order to increase the hydrostatic 
response of the composite it is beneficial to absorb some of these stresses by another 
component. One way to achieve this is to place a cover (or stiffening) plate on the top 
and bottom surfaces of the composite (Figure 7.1). The cover plates effectively reduce 
the lateral movement of the composite under hydrostatic conditions and aid stress 
transfer to the ceramic pillars in the longitudinal direction. It has been shown that the 
cover plate should be thin (i.e., one-tenth the thickness of the transducer) and as stiff as 
possible (Bennett and Hayward, 1997).
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Figure 7.1: The addition of cover plates to minimise lateral movement and maximise
stress transfer to the pillars
7.2.4 Electromechanical characterisation
7.2.4.1 Resonance analysis
The most widely used technique for measuring the materials constants of a piezoelectric 
material is the resonance method outlined in a standard issued by the Institute of 
Electrical and Electronic Engineers (IEEE, 1987). A piezoelectric sample is excited by a 
small AC voltage. The phase and magnitude of the current with respect to the excitation 
voltage is monitored and the AC impedance of the sample as a function of frequency of 
the AC voltage is found. The paiallel resonance fr'equency,^ is defined as the fr equency 
at which the maximum resistance occui s. The maximum value of conductance spectrum 
represents the series resonance frequency, jÇ. By using the series and parallel fr equencies 
and thefr harmonics for a range of vibrational modes the IEEE procedure outlines the 
calculation of the elasto-piezo-dielectric matrix that frilly describes the materials 
performance. This technique, however, relies on the assumption that the materials do 
not exhibit appreciable loss, which renders it inappropriate for passive sonar materials or 
materials under high mechanical stress or high electrical diive.
To accommodate conditions where losses are non-negligible the impedance equations 
can be derived in terms of complex materials constants. These techniques were 
developed by the Royal Military College of Canada and have been automated in the 
Piezoelectric Resonance Analysis Program (PRAP). Using the same geometries as the 
IEEE method this algoritlim calculates the full elasto-piezo-dielectric matrix including
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the loss component of each material constant. This technique is therefore suitable in 
char acterising both hard and soft PZT but also piezocomposites and piezopolymers.
7.2.4.2 Hydrostatic figure of merit
For underwater application it is important that the performance of the transducer is 
determined under hydrostatic pressure. Although it is possible to perform most forms of 
electromechanical characterisation under hydrostatic pressure, often it is sufficient to 
measure a small number of parameters in assessing performance. The important 
parameters are the hydrostatic piezoelectric strain coefficient, dh (m V ‘) which describes 
the polarisation resulting from hydrostatic stress, and the hydrostatic piezoelectric 
voltage coefficient, gh (Vm IST^ ) which relates the electric field appearing across a 
transducer to the applied hydiostatic stress (as defined in section 2.2.3).
The hydrostatic figure of merit (HFOM) (m  ^ N"') is used frequently to compare the 
effectiveness of various materials for performance in SONAR applications, where:
i2
HFOM = d „ g „ = ^  7.1
where is the permittivity in direction 3 under conditions of constant stress.
The HFOM is proportional to the ratio of electrical energy per unit volume of 
piezoelectric material to the acoustic energy incident on the hydiophone.
7.3 Experimental
7.3.1 Poling
The experimental arrangement for corona poling is illustrated in Figure 7.2. The 
appaiatus consisted of a number of needles to which a lai'ge DC potential was applied. 
The needles acted as field intensifiers that ionised the surrounding gas molecules (ai'gon). 
Corona poling was conducted at 16 kV at 100°C for 15 minutes. Prior to poling the
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preforms were preheated at 100®C for 5 minutes. The separation between needle and 
sample surface was approximately 40 mm.
High DC voltage
Argon in To vacuum pump 
►
rYYY^c I I I r ^ n pp3t T 1
Grounded plate' 
Hot plate -----
40 mm
Figure 7.2: Experimental arrangement for corona poling
7.3.2 Addition of polymer phase
Two polymer matrices were evaluated as the passive phase of the 1-3 composite, details 
of which are given in Table 7.1. Approximately 25% by volume pre-expanded Expancel 
elastomeric microspheres (type 55IDE) (Bould Marketing Ltd, Kent, UK) were added 
to both polymer matrices before addition to the preform. Previous work had shown 
volume fractions of Expancel greater than 25% by volume adversely effected the 
impregnation of the ceramic pillars due to the associated increase in viscosity 
(Fitzmaurice, 1998).
The polymer compositions were made by mixing appropriate quantities of resin, hardener 
and Expancel under vacuum using a Molteni planetary mixer. The addition of the 
polymer to the 1-3 preform is shown schematically in Figure 7.3. The performs were
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placed in plastic moulds of approximate dimensions 120 mm x 60mm x 12mm. Each 
mould could therefore accommodate two ceramic performs. The resin mixture was 
poured slowly over the performs, taking care not to entrap air between the pillars, until 
they were totally immersed. The resin was left to cure for 24 hours, after which the 
polymer was post cured for a further 24 hours at 40®C. After the cure cycle the 
preforms were removed from the mould. The baseplate was then machined away and the 
top and bottom surfaces of the composite were lapped until parallel. A total of sixteen 
preforms were prepared in this manner for evaluation; eight containing epoxy + 25% 
Expancel and eight containing polyurethane + 25% Expancel.
Table 7.1: Details of the polymer matrices investigated
Polymer Epoxy resin Polyurethane
Grade CY1300/HY1301 UR5068
Manufacturer Ciba-Geigy, Duxford, 
Cambridge, UK
Electrolube Ltd., Wargrave, 
Berkshire, UK
Density (g cm'^) 1.14 1.00
a)
b)
c)
Preform in plastic 
mould
Addition of liquid 
polymer
Composite removed 
from mould after 
curing
d) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII— Base plate removed
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII from composite by
lapping
Figure 7.3: Schematic represenation of the addition of the polymer matrbc to the 1-3
preform
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7.3.3 Addition of cover plates
Quick dry colloidal silver (Biorad A1208) was spray coated onto the composite surface 
to produce a smooth, adherent coating of high electrical conductivity. Carbon fibre 
reinforced plastic (CFRP), approximately 1 mm thick was used to fabricate the cover 
plates. The cover plates were bonded to the composite surface using silver epoxy, A 
0.1 mm steel mesh was incorporated between the cover plate and composite surface to 
allow the attachement of electrical contacts dining evaluation. Four composites 
containing epoxy + 25% Expancel and foui' composites containing polyurethane + 25% 
Expancel were fitted with CFRP cover plates.
7.3.4 Measurement of
The ds3 coefiQcient was measuied directly using a Take Control Piezometer at 110 Hz 
and 0.1 N dynamic force. A force head with a diameter of 12 mm was used, which was 
expected to stress a region of composite containing approximately 20 pillai's din ing each 
measinement. The average ds3 value was determined by making nine measurements, at 
random positions, across the face of the composite. For a 1-3 composite, the dss value 
reflects an interaiediate measurement between the active ceramic phase and the passive 
polymer phase.
7.3.5 Resonance measurements
The resonance measurements were made using a HP 4194a impedance analyser. 
Thickness extensional mode resonance spectra were determined for samples of 
approximate dimensions 48 mm x 48 mm x 9.3 mm.
7.3.6 Hydrostatic testing
Hydrostatic measurements were performed on samples freely suspended in oil using a 
hydraulic pressure vessel to produce pressures up to 4 MPa. This corresponds to an 
underwater depth of approximately 350 m, which was considered to provide a 
reasonable simulation of the normal operating range of hydrophone transducers. A 
schematic diagram of the pressure chamber is shown in Figure 7.4, where the oil filled 
cavity is 20 cm in diameter and 50 cm deep. The system includes an accumulator to 
reduce pressure fluctuations and a heat exchanger to control the temperature of the oil
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reservoir. The dh was calculated from the charge generated by the sample as measured 
with an electrometer (Keigthly 6IOC).
j l
Sample
Oil chamber
Electrometer/
Impedance
analyser
PC/ Data 
recorder
Pressure
transducer
Hydraulic
press
Figure 7.4: Hydrostatic testing apparatus
7.4 Results and discussion
7.4.1 coefficient
The d33 coefficients measured for the 1-3 composites are given in Table 7.2. The mean 
values quoted for the composites without cover plates are consistent to within ±4%, 
whereas values quoted for those with the cover plates are consistent to ±0.3%. The low 
standard deviations exhibited by the samples with cover plates may be attributed to the 
uniform transfer of stress to the composite that the cover plate provides. Any point 
measurement on the surface of the cover plate gives a measure of the response from the 
entire composite. Without cover plates, the response is a function of both the number of
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pillars being directly stressed by the force head and the efficiency with which the stress is 
transferred to the pillais by the passive polymer.
The dimensions and spatial arrangement of the pillars were calculated to provide a 
ceramic volume fraction of 12.5% in the composite. In reality, the volume fraction was 
slightly lower than this value owing to the breakage of pillars during moulding and 
subsequent handling. The exact volume fraction of ceramic was calculated using the 
following equation:
Pcomp -  P ^ c  + Pp (i ”* K )  7.2
w h e r e a n d a r e  the densities of the composite, ceramic and polymer 
respectively and Vc is the volume fraction of ceramic.
Table 7.2; Measured dss coefficients for injection moulded 1-3 composites (standard 
deviations in paienthesis)
Sample ID Polymer
phase
Cover
plates
dss composite
(pCN-^)
Density of 
composite (kg m*^ )
volume (%), Fc ^32 composite
K
EP/1 Epoxy X 324 (12) 1616 11.7 28
EP/2 Epoxy X 319 (9) 1588 11,3 28
EP/3 Epoxy X 342 (16) 1639 12.0 29
EP/4 Epoxy X 322 (12) 1571 11.0 29
EP/CP/1 Epoxy / 340 (1) 1620 11.7 29
EP/CP/2 Epoxy / 330 (1) 1680 12.6 26
EP/CP/2 Epoxy / 350(1) 1641 12.1 29
EP/CP/4 Epoxy / 351 (2) 1623 11.8 30
PU/1 Polyui’etliane X 341 (13) 1954 10.9 31
PU/2 Polyiu’ethane X 339 (14) 1943 10.7 32
PU/3 Polyurethane X 315 (13) 1999 11.6 27
PU/4 Polyuretliane X 343 (15) 1998 11.6 30
PU/CP/1 Polyuiethane / 419(1) 2005 11.7 36
PU/CP/2 Polyurethane 410(2) 1997 11.6 35
PU/CP/3 Polyurethane / 405 (1) 2067 12.7 32
PU/CP/4 Polyurethane y 410(1) 2015 11.9 34
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To account for the variability in ceramic volume fraction between composites, the 
measured d33 of each sample was noimalised with respect to Vc (Table 7.2, column 7).
On average, the composites containing polyurethane exhibited higher d33 values than 
those containing epoxy resin as the passive phase. This result is as expected, as a 
relatively compliant polymer, such as polyui ethane, enhances the transfer of stress to the 
ceramic pillars.
With respect to the composites containing epoxy resin, no appreciable effect on d33 was 
observed by the addition of cover plates. By contrast, the ds3 of the composites 
containing polyuiethane increased with the addition of cover plates. The highest values 
of ds3 were recorded for composites containing polyurethane and cover plates.
7.4.2 Resonance analysis
The results of the resonance analysis are presented in Table 7.3. Both the parallel and 
series resonant frequencies of the respective composites decreased with the addition of 
cover plates. The effect is shown graphically in Figures 7,5 and 7.6 for composites 
containing epoxy resin and polyurethane respectively.
The shift in frequency caused by the addition of cover plates is an example of the 
Sauerbrey relationship (Sauerbrey, 1959). Sauerbrey was the ftist to propose an 
equation that could be used to determine quantitatively the effect of the added mass on a 
quai’tz crystal resonator by measuring the frequency decrease that occurred. The 
relationship found by Sauerbrey between the added mass and frequency shift is as 
follows:
f -AF = ----^ — Am 7.3
where Am is the change in mass per unit area, A f  is the change in frequency, f ,  is the 
ftmdamental resonance frequency of the ciystal and N  and pq are the frequency constant 
and density of the active material respectively. Although determined for quai tz, equation 
7.3 is applicable to any resonator. The negative sign indicates that an increase in mass, 
e.g. the addition of a cover plate, will produce a decrease in fr equency.
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Table 7.3; Results of the resonance analysis
Sample ID fp(kHz) (kHz)
EP/1 159.2 137.7 0.50
EP/2 161.9 139.4 0.51
EP/3 162.8 135.8 0.55
EP/4 166.5 140.5 0.54
EP/CP/1 113.0 100.7 0.45
EP/CP/2 103.0 98.8 0.28
EP/CP/2 108.2 101.4 0.35
EP/CP/4 100.6 96.7 0.28
PU/1 142.1 126.5 0.46
PU/2 141.8 125.4 0.47
PU/3 137.6 124.2 0.43
PU/4 138.5 122.5 0.47
PU/CP/1 108.3 91.1 0.54
PU/CP/2 109.7 92.6 0,54
PU/CP/3 111.1 93.1 0.55
PU/CP/4 110.8 102.6 0.38
The effective coupling coefficient, kef, quoted in Table 7.3 was calculated from the 
following equation:
1 -
K^pJ
7.4
The value kejf differs fr om the true coupling coefficient of the material since it malces no 
allowance for the stress distribution through the sample. The dimensions of the 
composites evaluated did not conform exactly to the geometries specified by the IEEE 
standard for piezoelectricity. The use of equation 7.4 allows a simple comparison 
between samples without introducing uncertainties as to what formula has been applied 
or whether the formula is accurate for the dimensions of the particular sample 
(Stansfield, 1991).
The effective coupling coefficient of bulk PZT 5H is approximately 0.5. On average, the 
composites containing epoxy resin without cover plates (EP/1-4) and those containing 
polyui’ethane with cover plates (PU/CP/1-4) have shown an improvement over built PZT 
5H.
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Figure 7.5: Graph illustrating the shift in frequency caused by the addition of cover
plates to composites containing epoxy resin.
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Figure 7.6: Graph illustrating the shift in frequency caused by the addition of cover
plates to composites containing polyurethane.
Composite Fabrication and Evaluation 124
7.4.3 Hydrostatic testing
The adhesive bond between the cover plate and the polyurethane matrix was insufficient 
to prevent debonding during hydrostatic testing, probably due to oil penetrating the bond 
line, preventing accurate measurement of dh. Therefore, the results of samples PU/CP/1- 
4 are not presented.
The results of the hydrostatic testing are presented graphically in Figure 7.7. The value 
of dh for the composites containing epoxy resin with cover plates (EP/CP/1-4) was the 
highest measured but was also the more pressure dependent. The composites containing 
epoxy resin and polyurethane without cover plates exhibited a lower dh but displayed a 
relatively flat response over the pressure range 1-4 MPa.
The hydrostatic figure of merit (HFOM) was calculated using equation 7.1, based on an
average measured over the pressure range 1-4 MPa. The values calculated for the
composites evaluated are given in Table 7.4.
-  EP/CP/1 
•• EP/CP/2
■ EP/CP/3
- EP/CP/4
300
250
Ç 200 EP/1
EP/2
EP/3
EP/4b
100
  PU/1
. . . .  PU/2
  PU/3
. . . .  PU/4
2 3 41
Pressure (MPa)
Figure 7.7: Variation in dh with hydrostatic pressure.
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The HFOM for composites containing epoxy resin with cover plates (EP/CP/1-4) were 
the highest calculated and were an order of magnitude higher than composites containing 
epoxy resin without cover plates (EP/1-4). The composites containing polyurethane 
without cover plates (PU/1-4) had the lowest calculated HFOM,
Table 7.4 : Results of hydrostatic testing
Sample ID C(xld"'^)
(Fm-‘)
el^ (xlO'^)
(F in ') (CN-')
gh (xlO'^)
(VmlSr')
HFOM (xlO'^) 
(m^N-')
EP/1 750 3.03 111 36.9 4080
EP/2 750 3.03 100 32.9 3290
EP/3 770 3.11 112 36.1 4050
EP/4 750 3.03 108 35.5 3810
EP/CP/1 701 3.44 250 74.1 18900
EP/CP/2 730 3.58 254 70.9 18020
EP/CP/2 730 3.58 228 63.7 14520
EP/CP/4 720 3.53 269 76.2 20500
PU/1 686 2.77 47.1 17.0 800
PU/2 686 2.77 49.8 18.0 900
PU/3 645 2.6 44.4 17.1 760
PU/4 690 2.79 51.9 18.6 965
The evaluation of 1-3 composites fabricated by the dice and fill technique was previously 
undertaken by DERA in a separate study (Fitzmaurice, 1998). A comparison between 
the two fabrication techniques is given in Table 7.5, in terms of the respective HFOM. 
In the case of the injection moulded composites, the average HFOM has been quoted for 
each variant, together with the standard deviation in pai'enthesis. It is evident fiom Table 
7.5 that the HFOM for the two fabrication routes are similar.
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Table 7.5 : Comparison of fabrication routes
Polymer Cover plates HFOM (xlO-'^) (in'ISr')
Dice & fill* Injection moulding
Epoxy resin 
+ 25% expancel
y 16460 17985 (2528)
ic 3203 3808 (366)
Polyuiethane 
+ 25% expancel
X 460 856 (93)
* Source; Fitzmauiice (1998)
7.5 Concluding remarks
This chapter has covered the remaining stages in the fabrication of a 1-3 composite 
following sintering of the perform, together with an evaluation of then performance 
under hydiostatic conditions. A significant finding firom the work presented in this 
chapter is the influence of cover plates on the sensitivity of the transducer. It has been 
shown that the addition of cover plates to composites containing epoxy resin improves 
the HFOM by an order of magnitude.
More importantly, in terms of establishing injection moulding as a viable manufacturing 
technique, it has been shown that injection moulded composites ai’e comparable to 
composites fabricated by the established dice and fill technique with respect to the 
measured HFOM.
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CHAPTER EIGHT 
CONCLUDING REMARKS 
8.1 Conclusions from current work
The primaiy aim of the present reseai'ch was to establish a viable manufacturing 
technology for 1-3 piezoelectric ceramic/polymer composites, capable of meeting the 
high volume production requirements. To this end, an extensive development and 
fabrication programme has been successfully completed, which demonstrates the 
feasibility of the injection moulding process as a potential fabrication route. The 
technology will make available to the MOD a new generation of low-cost transducers 
tailored to perform in the frequency range suitable for underwater applications.
To allow the rapid transfer of the capability to UK industry, it was essential to 
understand the underlying science at each stage of the manufactuiing process. To this 
end, the present work was divided into a number of stages, from feedstock preparation 
through injection moulding to final composite evaluation. Since all the stages in the 
process aie interdependent, success at each stage was essential to the overall success of 
the project. The main conclusions that can be diawn from the present work are given 
below according to then associated stage.
Feedstock preparation
The powder, as supplied by Morgan Electroceramics, was found to consist of spray 
dried granules of approximately 100-150 pm in diameter that were easily reduced to 
primaiy paiticles of 0.5-1 pm diameter by lightly grinding in a methanol suspension. 
Compounding by twin screw extrusion produced a feedstock consisting of discrete 
particles of PZT-5H, approximately 0.5 pm in diameter, homogeneously distributed 
within the organic binder.
The choice and level of addition of minor additives in the binder system was found 
to affect the processability of the feedstock during twin screw extrusion. The
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compounding of feedstock based on approximately 62% by volume PZT-5H and an 
in-house binder system comprising polypropylene, microcrystalline wax and stearic 
acid was only successful when the stearic acid was added at 2% by weight PZT-5H 
(approximately 10% by volume). The replacement of steai'ic acid by titanate 
coupling agents in the formulation had a negative effect on the processability of the 
feedstock.
A proprietary binder system, available commercially under the trade name 
HOSTAMONT EK583, allowed the incoi'poration of up to 60% by volume PZT-5H 
before the capability of the twin screw extmder was exceeded.
Rheological characterisation o f feedstock
When evaluated by capillary rheometry, all formulations displayed sheai' thinning 
behavioui' and had sheai' viscosities below 1000 Pa s at a shear rate of 100 s '\  In 
the case of feedstock based on the commercial binder system the sheai' viscosity was 
found to increase with increasing volume fraction of ceramic. The low values of 
the power law index recorded for the two in-house formulations were consistent 
with wall slip behaviour.
AH formulations evaluated displayed tension thinning behaviour*, i.e. the elongational 
viscosity decreased vdth increasing tensile strain rate, and all were characterised as 
viscoelastic. The elongational viscosities of the commercial feedstock formulations 
increased with increasing volume fraction of ceramic, as observed for shear 
viscosity. The measured elongational viscosities of the in-house formulations were 
significantly higher than those of the commercial formulations.
Injection moulding
A  plastics injection moulding machine was successfully modified to allow injection 
moulding of ceramics. Although conditions were established for the production of 
simple bar specimens from the in-house formulation M4, attempts to produce an 
acceptable 1-3 preform moulding were unsuccessful. It was necessary to reduce the 
ceramic loading to 30% by volume before a complete 1-3 prefoiin could be
Concluding remarks 129
moulded. The high elongational viscosity of formulation M4, combined with the 
geometry of the mould, were considered factors contributing to the inability to 
produce acceptable 1-3 preform mouldings. Previously, guidelines for rheological 
properties of materials to be injection moulded have concentrated on shear 
viscosities and have not been concerned with elongational viscosities. From this 
work it is concluded that an elongational viscosity of more than 30 kPa s at a tensile 
strain rate of 58 s'' is undesirable for injection moulding this particulai* component. 
Fui'ther work is needed to develop more generic guidelines.
Satisfactoiy conditions were established for the production of 1-3 preform 
mouldings from the commercial feedstock formulation HM58. Optimisation of the 
injection rate and hold pressui'e was possible by investigating the variation in pillar* 
density across the 1-3 preform mouldings.
Binder removal and sintering
Removal schedules for both in-house and commercial binder formulations have been 
established. The determination of temperatures at which critical transitions occurred 
during the binder removal process was facilitated by differential scanning 
calorimetry.
A sintering schedule and crucible arrangement, used for both bar* specimens and 1-3 
preforms, were established. Microstructural characterisation of sintered pillars 
revealed grain sizes ranging from 2 to 7 jam in diameter. Orientation effects in the 
sintered microstructure were not apparent in samples moulded at different injection 
rates.
Composite fabrication and evaluation
The values for the hydrophone figure of merit (HFOM) for composites containing 
epoxy resin with cover plates were the highest measuied and were an order of 
magnitude higher than composites containing epoxy resin without cover plates. The 
composites containing polyurethane without cover plates had the lowest calculated 
HFOM.
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HFOM values measured dui'iiig the present work for injection moulded 1-3 
composites aie comparable with similar composites fabricated by the dice and fill 
technique during a previous study. Thus, the performance of the hydrophones 
manufactur ed by the injection moulding route is comparable to that of those made 
using the dice-and-fiU technique. Further, the injection moulding teclinique should 
offer significant savings in production costs.
8.2 Suggestions for future work
Although the work described herein is complete, insofar as meeting the original aims of
the research, a nmnber of areas which would benefit fiom further work have been
identified. The following suggestions for futme work are therefore recommended:
1. It has been shown that the elongational viscosity is an important parameter in the 
evaluation of feedstock formulations for ceramic injection moulding. In order to 
quantify the relative importance of the elongational viscosity, a detailed study of its 
interrelation with ceramic loading and mould geometry is requir ed.
2. To rnininrise pülar misalignment in the final 1-3 composite transducers, both the 
binder removal and sintering schedules require further optimisation. Further, the use 
of sintering supports that would prevent warpage of the baseplate during 
densification should be investigated.
3. The dimensions and spatial scale of the current performs ar e optimised for naval 
applications. The use of modular* mould inserts should be investigated. This would 
allow the design parameters of the preforms to be tailored to other applications, 
such as biomedical imaging transducers.
4. Further design work is required to optimise the hydrostatic sensitivity of the 1-3 
composites. Research aimed at optimising the passive polymer phase and cover 
plate design is required to maximise the hydrophone sensitivity and minimise
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pressure effects. Further, the integrity of the electrode bond is crucial to the 
operation of the device and low temperature bonding methods need to be developed 
to underpin the exploitation of 1-3 composite transducer technology.
5. A long term evaluation of the pressur e tolerance, and hence reliability, of injection 
moulded 1-3 composites is now required to establish their suitability for large ai'ea 
arrays and other generic applications. In parallel, the performance of the 1-3 
composites at different ambient temperatures should be evaluated.
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